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Report  No.  DNA  2114H. 
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device  designed  for  chopper  and  high  speed  switching  applications 
A total  of  215  units  were  evaluated  for  various  combinations  of 
terminal  pairs  in  biased  and  unbiased  configurations.  The 
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The  objective  of  the  experimental  and  analytical  work  per- 
formed on  this  program  was  threefold.  The  first  was  to  develop 
an  engineering  model  to  predict  the  EMP  response  and  damage 
levels  of  semiconductor  diodes.  This  study  was  undertaken  to 
provide  a supplement  to  the  damage  modeling  techniques  presently 
contained  in  the  DNA  EMP  Handbook,  Report  No.  DNA  2114H,  and  was 
) the  area  in  which  the  primary  emphasis  of  the  program  was  placed. 

J The  second  and  third  objectives  were  to  perform  pulse  damage 

(testing  on  a junction  field  effect  transistor  type  and  to  per- 
form failure  analyses  on  various  semiconductor  device  types 
which  were  subjected  to  pulse  damage. 
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Engineering  type  damage  models  to  predict  both  surge  im- 
pedance and  failure  levels  of  silicon  semiconductor  diodes  were 
developed  from  multiple  regression  analyses  of  a large  experi- 
mental data  base  'which  was  supplied  by  the  U.  S.  Army/HDL  and 
the  0.  S.  Air  Force/AFWL.  The  models  were  developed  for  both  for- 
ward and  reverse  polarities  of  junction  current  conduction. 

The  models  are  expressed  in  terms  of  published  device  parameters , 
and,  as  such,  do  not  require  a "hands  on"  device  evaluation. 

The  models  were  developed  both  for  conditions  where  the  device 
construction  was  unknown  and  for  conditions  where  specific  device 
construction  is  known.  Separate  models  were  developed  for 
devices  functionally  classified  as  "rectifiers,  diodes  and 
switches"  and  for  devices  functionally  classified  as  "non-tempera- 
ture compensated  Zener  diodes" 

The  analysis  showed  that,  under  high  pulse  current  injection 
levels,  the  forward  polarity  surge  impedance  of  both  diode  classes 
exhibited  conductivity  mciulation  effects  whereby  the  impedance 
was  inversely  proportional  to  IN  where  N was  between  0.3  and  0.4. 
The  forward  polarity  pulse  damage  in  both  classes  of  diodes  was 
found  to  be  due  to  I^R  bulk  heating  under  non-adiabatic  conditions 
for  the  pulse  widths  and  device  junction  areas  evaluated.  The 
conductivity  modulation  effects  caused  the  exponents  of  the  time 
dependence  for  damage  to  lie  in  the  range  of  0.3  as  would  be 
expected  for  these  effects. 


Under  reverse  pulse  polarity  conditions,  the  low  and  medium 
voltage  Zener  diodes  also  exhibited  a surge  impedance  associated 
with  the  bulk  material  and  also  partially  dependent  on  conductivity 
modulation  effects.  The  reverse  polarity  surge  impedance  of  the 
"rectifiers,  diodes  and  switches"  was  found  to  be  strongly  de- 
pendent on  both  device  breakdown  voltage  level  and  pulse  current 
level.  The  reverse  polarity  pu] se  damage  in  the  Zener  diode? 
was  found  to  be  due  also  to  I^R  bulk  heating  under  non-adiabatic 
conditions.  The  rectifiers,  diodes  and  switches,  however,  exhi- 
bited junction  heating  effects  which  were  also  characteristic 
of  non-adiabatic  conditions. 
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Extensive  pulse  damage  testing  was  performed  on  the  Motorola 
2N4392  N-Channel  silicon  JFET.  The  2N4392  is  a depletion  mode 
device  designed  for  chopper  and  high  speed  switching  applications. 

A total  of  215  units  were  evaluated  for  various  combinations  of 
terminal  pairs  in  biased  and  unbiased  configurations.  In  the 
forward  polarity  the  gate-source  junction  behaves  like  a normal 
forward  biased  diode.  Because  of  the  relatively  large  junction 
to  metallization  area  ratio  in  the  device,  metallization  burnout 
occurred  before  junction  damage.  The  damage  characteristics  of 
the  drain  and  source  terminal  pair  and  the  reverse  bias  gate-source 
junction  were  somewhat  similar.  Here,  the  devices  exhibited  a 
second  breakdown  response  which  was  initiated  at  a relatively 
constant  pulse  current  injection  level  from  30  nanoseconds  to 
100  microseconds.  The  pulse  current  required  for  damage  increased 
sharply  below  30  nanoseconds  and  in  this  region  the  damage  levels 
are  significantly  higher  than  the  second  breakdown  initiation 
levels. 


Failure  analyses  were  performed  on  a variety  of  semiconductor 
device  types  which  were  subjected  to  EMP  pulse  damage.  The  device 
types  examined  were  the  1N4148  diode,  2N918  transistor,  RD211  gate 
expander,  MEM806A  MOSFET  and  SN5404  microcircuit  which  were  pre- 
viously subjected  to  pulse  damage  testing  under  Contract  DAAG  39- 
72-C-0066,  together  with  the  2N4392  JFET  which  was  subjected  to 
pulse  damage  testing  under  the  present  program.  The  failure 
analyses  consisted  of  a surface  examination,  microprobing,  surface 
etching,  device  cross-sectioning  and  electron  microscopy.  Junction 
and  metallization  damage  in  bipolar  devices  was  observed.  Gate 
oxide  damage  in  the  MOSFET  device  was  observed  while  the  JFET  de- 
vice exhibited  failures  which  were  observable  on  the  device  surface. 
Metallization  damage  was  also  observed  in  the  unipolar  devices. 
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1.  Introduction 


This  document  is  the  Final  Technical  Report  for  U.  S.  Army, 

Harry  Diamond  Laboratories  Contract  DAAG  39-74-C-0C90 , "EMP 
Response  and  Damage  Modeling  of  Diodes,  Junction  Field  Effect 
Transistor  Damage  Testing  and  Semiconductor  Device  Failure  Analysis". 
The  program  consisted  of  three  tasks.  The  first  task  was  to  develop 
an  engineering  model  to  predict  the  EMP  response  and  damage  levels 
of  semiconductor  diodes.  This  task  was  the  one  in  which  the  primary 
emphasis  of  the  program  was  placed.  The  second  and  third  tasks 
were  to  perform  pulse  damage  testing  on  a junction  field  effect 
transistor  type  and  to  perform  failure  analyses  on  various  semi- 
conductor device  types  which  were  subjected  to  pulse  damage. 

The  objective  of  the  Diode  Damage  Model  Task  was  to  develop 
engineering  type  damage  models  to  predict  both  surge  impedances 
and  failure  levels  of  silicon  semiconductor  diodes  when  exposed 
to  EMP  type  environments.  The  models  were  to  be  developed  for 
both  the  forward  and  reverse  polarities  of  junction  current  con- 
duction. A further  requirement  was  that  the  models  should  not 
require  a "hands  on"  device  evaluation  but  should  relate  the 
surge  impedance  and  fai lure  levels  to  some  associated  device 
parameter  which  could  easily  be  obtained  from  a manufacturer's 
data  sheet  or  other  published  information.  This  study  was  under- 
taken to  provide  a supplement  to  the  damage  modeling  techniques 
presently  contained  in  the  DNA  EMP  Handbook,  Report  No.  DNA  2114H. 

The  experimental  data  base  used  to  develop  the  desired  models 
consisted  of  the  pulse  damage  data  supplied  by  the  U.  S..  Army, 

Harry  Diamond  Laboratories  on  the  Pershing  and  Lance  Programs, 
the  pulse  damage  data  supplied  by  the  U.  S.  Air  Force,  Air  Force 
Weapons  Laboratory  on  the  EMP  Assessment  and  Hardening  of  Aeronautical 
Systems  Program,  together  with  the  pulse  damage  data  generated  by 
the  General  Electric  Company,  Re-Entry  and  Space  Divisions  on 
various  missile  and  technology  programs. 

The  objective  of  the  second  task  was  co  perform  a detailed 
experimental  pulse  damage  characterization  of  a typical  JFET  device 
in  order  to  provide  sufficient  information  to  determine  the  basic 
pulse  response  and  damage  characteristics  of  JFET  structures. 

Bipolar  semiconductor  devices  have  been  studied  in  detail  in  the 
past  and  their  associated  pulse  response  and  damage  characteristics 
are  well  known.  Junction  field  effect  transistors,  in  contrast, 
have  not  received  anywhere  near  the  attention  that  bipolar  devices 
have.  As  a result,  comparitively  little  is  known  about  their  pulse 
response  and  damage  characteristics. 

The  objective  cf  the  Semiconductor  Device  Failure  Analysis  Task 
was  to  physically  examine  a variety  of  semiconductor  device  types 
which  were  subjected  to  EMP  pulse  damage  in  order  to  determine  the 
nature  of  the  failure  mechanisms  in  the  respective  device  types. 

The  device  types  examined  were  the  1N4148  diode,  2N918  transistor, 
RD211  gate  expander,  MEM806A  MOSFET  and  SN5404  microcircuit  which 
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were  previously  subjected  to  pulse  damage  testing  under  Contract 
DAAG  39-72-C-0066 , together  with  the  2N4392  JFET  which  was 
subjected  to  pulse  damage  testing  under  the  present  program. 

The  failure  analyses  consisted  of  a surface  examination,  micro- 
probing, surface  etching,  device  cross-sectioning  and  electron 
microscopy. 
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The  objective  of  the  Diode  Damage  Model  Task  was  to  develop 
engineering  type  damage  models  to  predict  both  surge  impedances 
and  failure  levels  of  silicon  semiconductor  diodes  when  exposed 
to  EMP  type  environments.  The  models  were  to  be  developed  for 
both  the  forward  and  reverse  polarities  of  junction  current  con- 
duction. A further  requirements  was  that  the  models  should  not 
require  a "hands  on"  device  evaluation  but  should  relate  the 
surge  impedance  and  failure  levels  to  some  associated  device 
parameter  which  could  easily  be  obtained  from  a manufacturer's 
data  sneet  or  other  published  information. 

This  study  was  undertaken  to  provide  a supplement  to  the 
damage  modeling  techniques  presently  contained  in  the  DNA  EMP 
Handbook,  Report  No.  DNA  2114H.  The  present  handbook  model  does 
not  provide  any  quantitative  methods  for  evaluating  device  surge 
impedance  ^either  forward  or  reverse  polarity)  nor  does  it  provide 
any  quantitative  methods  for  evaluating  forward  polarity  vulnera- 
bility level.  The  diode  models  presented  in  the  handbook  are 
primarily  based  on  one  dimensional  heat  flow  conditions  in  a 
reverse  biased  junction  with  bulk  heating  effects  neglected. 

The  resulting  model  is  expressed  in  terms  of  a simplified 
single  termed,  time  dependent  expression  of  the  form  "Kv/T ". 
Although  "K"  is  evaluated  empirically,  a quantitative  measure 
of  the  statistical  errors  associated  with  the  empirical  evaluation 
is  not  provided.  Thus,  the  results  of  this  study  are  intended  to 
provide  the  supplemental  information  required  to  expand  upon  the 
damage  model  definition  in  these  particular  areas.  In  view  of  the 
large  data  base  that  was  made  available,  the  damage  modeling  was 
restricted  to  purely  analytical  efforts  with  no  new  test  data 
being  generated  in  order  to  maximize  the  output  of  the  program. 

A considerable  effort  was  devoted  to  obtaining  the  data  base  in 
the  configuration  required  together  with  obtaining  device  rating 
and  construction  information. 

The  approach  taken  in  the  present  model  development  program 
was:  Cl)  obtain  existing  pulse  damage  data  on  semiconductor 

diodes;  (2)  define  the  various  published  device  specifications  and 
construction  type  for  each  unique  device  identification  number/ 
manufacturer  combination  in  the  data  base;  (3)  identify  the  pub- 
lished specification  parameters  which  were  common  to  all  device 
types  within  certain  functional  classifications;  (4)  perform 
multiple  regression  analyses  of  the  pulse  damage  data  versus  the 
common  specification  parameters  within  each  functional  classifi- 
cation; and,  (5)  identify  the  relevant  device  parameters  which 
correlated  best  to  the  experimental  surge  impedance  and  failure 
level  values  together  with  the  prediction  errors  associated  with 
each  empirical  model.  The  data  base  used  consisted  of  the  pulse 
damage  data  supplied  by  the  U.  S.  Army,  Harry  Diamond  Laboratories 
on  the  Pershing  and  Lance  Programs,  the  pulse  damage  data  supplied 
by  the  U.  S.  Air  Force,  Air  Force  Weapons  Laboratory  on  the  EMP 
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Assessment  and  Hardening  of  Aeronautical  Systems  Program,  together 
with  the  pulse  damage  data  generated  by  the  General  Electric  Company, 
Re-Entry  and  Space  Divisions  on  various  missile  and  technology 
programs.  Since  diode  surge  impedance  was  one  of  the  device 
characteristics  to  be  modeled,  the  data  base  was  required  to  be 
defined  down  to  the  level  of  the  peak  voltages  and  current  associated 
with  each  device  experiment  rather  than  down  to  just  a power-time 
definition. 

Table  1 shows  a summary  of  the  number  of  different  device 
types  (i.e.,  unique  identification  number/manufacturer/data  source) 
in  the  present  data  base  with  respect  to  functional  classification 
and  construction  type.  The  functional  classifications  shown  are 
those  defined  in  the  34th  Edition  of  the  "Semiconductor  Diode 
D.A.T.A.  Book".  The  device  construction  information  shown  was 
obtained  from  each  manufacturer  whose  device  was  listed  in  the  data 
base.  Each  manufacturer  was  contacted  twice  (once  in  the  begin- 
ning of  the  program  and  once  toward  the  end  of  the  program)  in  an 
effort  to  complete  the  construction  characterization  of  the  data 
base.  Device  construction  information,  though,  is  generally, 
difficult  to  obtain  being  considered  either  proprietary  or  too 
troublesome  for  manufacturer1 s representatives  to  ferret  out. 

Evidence  of  this  can  be  seen  from  the  number  of  devices  listed  as 
diffused  (which  in  reality  are  generally  either  mesa  or  planar) 
and  unknown. 

Figures  l and  2 show  the  range  of  variation  in  device  ratings 
for  the  diode  data  base  considered  in  the  present  study.  Figure  1 
shows  the  range  of  peak  inverse  voltage  and  maximum  average 
rectified  current  ratings  for  diodes  functionally  classified  as 
rectifiers,  diodes  and  switches.  Figure  2 is  a similar  display 
for  a zener  diode  functional  classification  with  respect  to  zener 
voltage  and  power  ratings.  Tables  2,  3,  and  4 give  a parametric 
description  of  each  device  type  within  the  data  base.  Shown  here 
are  the  data  file  number  (F  #)  which  contains  the  detailed  pulse 
damage  data  for  each  device  type,  the  data  source,  the  device 
functional  classification,  the  device  type  (i.e.,  identification 
alpha-numeric  code) , the  device  manufacturer  (MFG)  per  the  D.A.T.A. 
Book  code,  the  device  ratings  and  the  construction  type  (CONST.). 

The  "PIV"  and  "10"  ratings  given  in  Tables  2 and  4 refer  to  the 
diDde  peak  inverse  voltage  in  volts  and  maximum  average  rectified 
current  in  amperes  rating,  respectively.  The  "VZ"  and  "PWR" 
ratings  given  in  Tables  3 and  4 refer  to  the  diode  zener  voltage 
in  volts  and  power  in  watts  rating,  respectively.  The  detailed 
pulse  damage  data  for  each  device  type  shown  in  Tables  2,  3 and 
4 is  given  in  Appendix  A and  is  listed  there  in  numerical  sequence 
with  respect  to  the  appropriate  data  file  number  (F  #) . 

The  results  of  the  diode  damage  model  development  are  described 
in  detail  below.  Surge  impedance  and  failure  level  models  are 
presented  for  both  the  forward  and  reverse  polarities  of  junction 
current  conduction.  The  results  are  given  in  graphical  form  show- 
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Device  Ratings  and  Construction  Types  for  Diodes 
Functionally  Classified  as  Rectifiers,  Diodes  and 
Switches 
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Table  3.  Device  Ratings  and  Construction  Types  for  Diodes 
functionally  Classified  as  Zener  Diodes 
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-- 
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1.00 

MESA 

HDL 

ZENER 

1N7 1 1A 

CRL 
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Table  3.  Continued 
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Table  4 


. Device  Ratings  and  Construction  Types  for  Diodes 
Functionally  Classified  as  Temperature  Compensated 
Zener  Diodes,  Stabistors,  Tunnel  Diodes  and  Point 
Contact  Diodes 
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ing  the  correlation  of  the  actual  data  points  to  the  predicted 
values  for  each  diode  model  developed.  The  range  of  device 
variables  and  prediction  error  associated  with  each  analysis  are 
identified  on  each  graph.  The  graphs  are  the  analytical  results 
and  associated  data  plots  of  multiple  regression  analyses  per- 
formed on  the  General  Electric  Mark  III  computer  system.  The 
format  for  the  data  points  shown  in  the  graphs  is  as  follows: 

(a)  the  symbol  corresponds  to  1 data  point; 

(b)  the  numbers  "2"  through  ''9"  correspond  to  2 through 
S data  points,  respectively; 

(c)  the  number  "0"  corresponds  to  10  data  points; 

(d)  the  letters  "A”  through  "Z"  correspond  to  11  through  36 
data  points,  respectively; 

(e)  the  symbol  "$"  corresponds  to  greater  than  36  data 
points. 

A glossary  of  symbols  used  in  the  various  model  presentations  is 
shown  in  Table  5. 

The  data  analyses  revealed  that  the  rectifier,  diode  and 
switch  functional  classifications  were  essentially  similar  in  their 
correlation  to  specific  device  parameters  and  are  considered  below 
in  terms  of  one  functional  classification.  Non-temperature  com- 
pensated zener  diodes  form  the  other  functional  classification 
considered.  Damage  modeling  was  not  performed  for  temperature 
compensated  zener  diodes,  stabistors,  point  contact  and  tunnel 
diodes.  The  amount  of  pulse  test  data  and  device  rating  varia- 
tions in  the  present  data  base  was  not  considered  to  be  sufficient 
to  yield  statistically  significant  results. 

The  damage  models  for  each  diode  functional  classification 
are  presented  for  both  the ' conditions  when  all  construction  types 
are  taken  together  as  well  as  for  each  individual  construction 
type  when  sufficient  data  exists  to  warrant  such  an  analysis. 

The  first  condition  shows  the  prediction  accuracy  that  can  be 
achieved  when  construction  information  is  unavailable  or  difficult 
to  obtain.  The  latter  condition  shows  the  prediction  accuracy 
obtainable  when  such  information  is  available.  In  all  cases,  the 
results  for  the  surge  impedance  and  failure  level  models  for  both 
the  forward  and  reverse  polarities  are  preceded  by  a discussion 
of  the  results  obtained  with  the  General  Electric  1N4148  diode. 

This  device  was  tested  on  a prior  U.S.  Army,  Harry  Diamond 
Laboratory  Contract. i This  device,  which  is  shown  in  detail  in 
Figure  3,  was  obtained  from  the  General  Electric  Company,  Semi- 
conductor Products  Department  under  closely  controlled  diffusion 
profiles.  The  pulse  testing  on  the  device  was  well  defined  and 
carefully  instrumented  to  eliminate  the  inductive  response  of 


1 Tasca,  D.  M. , Peden,  J.  C.  and  Andrews,  J.  L.,  "Theoretical  & 
Experimental  Studies  of  Semiconductor  Device  Degradation  Due  to 
High  Power  Electrical  Transients",  Final  Technical  Report, 
Contract  DAAG  39-72-C-0066 , U.S.  Army,  HDL,  General  Electric 
Company,  Space  Division,  Document  #73SD3289,  December  1973. 
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Table  5.  Glossary  of  Symbols  Used  in  the  Diode  Pulse  Damage 
Model  Development 


IpF 

IpR 

PR 

t 

VjF 

VJR 

VpF 

VpR 

Vz 

ZDF 

ZDR 


'SF 


MAXIMUM  AVERAGE  RECTIFIED  CURRENT  RATING  (AMPERES) 
FOR  RECTIFIERS.  DIODES  AND  SWITCHES 

FORWARD  POLARITY  PULSE  CURRENT  (AMPERES) 

REVERSE  POLARITY  PULSE  CURRENT  (AMPERES) 

POWER  RATING  FOR  ZENER  DIODES  (WATTS) 

PULSE  WIDTH  (MICROSECONDS) 

FORWARD  POLARITY  JUNCTION  VOLTAGE  (VOLTS) 

REVERSE  POLARITY  JUNCTION  VOLTAGE  (VOLTS) 

VJR  = VZ 

DIODE  FORWARD  POLARITY  PULSE  VOLTAGE  (VOLTS) 

DIODE  REVERSE  POLARITY  PULSE  VOLTAGE  (VOLTS) 

LOW  CURRENT  LEVEL  JUNCTION  BREAKDOWN  VOLTAGE  VOLTS 
FORWARD  POLARITY  TOTAL  DEVICE  IMPEDANCE  (OHMS) 

3df  - 

IPF 

REVERSE  POLARITY  TOTAL  DEVICE  IMPEDANCE  (OHMS) 

zdr  = 

IPR 

FORWARD  POLARITY  SURGE  IMPEDANCE  (OHMS) 


ZSF 


_ Vpf-vJF 

IPF 


VPF 


'SR 


REVERSE  POLARITY  SURGE  IMPEDANCE  (OHMS) 


XPR 
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device  leads  and  instrumentation  noise.  Furthermore,  the  incre- 
ments in  pulse  stress  level  were  controlled  to  eliminate  large 
separations  in  the  "no-fail"  and  "fail"  levels  applied  to  the 
device.  As  such,  the  data  base  for  this  device,  which  is  given 
in  File  # 15G,  is  considered  to  represent  an  excellent  example 
of  thermal  damage  mechanisms  and  responses  in  semiconductor  diodes. 


St 


t 

v ! 
i 
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The  pulse  impedance  models  for  the  diodes  were  developed  for 
both  the  total  device  impedance  as  well  as  for  the  diode  surge 
impedance  whereby  the  junction  voltage  is  subtracted  from  the  total 
device  response.  The  failure  levels  are  given  in  terms  of  the 
failure  current  rather  than  the  failure  power.  The  failure  current 
representation  was  chosen  for  a number  of  reasons.  First,  the 
damage  current  representation  provides  a direct  insight  into  the 
predominant  damage  model  exhibited  by  a particular  class  of  devices. 
Here,  by  examining  the  time  dependence  of  the  diode  damage  current, 
one  can  ascertain  whether,  for  instance,  bulk  (I2R)  type  heating 
or  direct  junction  (VI)  type  heating  is  the  prevalent  failure 
mode.  Furthermore,  when  diodes  are  pulsed  at  very  high  current 
levels,  the  device  power  one  measures  is  a combination  of  junction 
and  bulk  power.  As  such,  a total  power  representation  of  a device 
could  lead  to  some  erroneous  conclusions  if  one  attributes  all 
the  measured  device  power  to  directly  producing  device  damage. 

A second  reason  for  choosing  the  current  representation  is  associated 
with  the  relative  pulse  impedance  levels  of  the  diodes  and  EMP  dis- 
turbance source.  When  pulsed  in  the  forward  direction,  the  diodes 
exhibit  a small  impedance  (generally  less  than  1 ohm)  and  when 
pulsed  in  the  reverse  direction,  they  exhibit  a moderately  small 
impedance  (generally  in  the  range  of  1 to  100  ohms) . In  many 
cases,  the  EMP  disturbance  source  would  have  a comparable  or 
greater  source  impedance.  As  such,  the  EMP  disturbance  would 
approximate  a constant  current  source , where  the  pulse  current  is 
primarily  determined  by  the  EMP  source  impedance.  Hence,  the 
current  representation  is  a directly  relatable  quantity.  Once 
the  diode  impedance  is  defined,  it  is  a relatively  simple  task  to 
determine  the  pulse  current  in  the  diode  from  a knowledge  of  the 
EMP  source  voltage  and  source  impedance.  Similarly,  the  damage 
power  can  be  obtained,  if  so  desired,  from  the  device  impedance 
and  damage  current. 

2.1  Foward  Polarity  Models 

The  diode  models  developed  for  the  forward  polarity  of 
junction  current  conduction  are  presented  in  this  subsection. 

In  general,  the  forward  polarity  represents  a well-behaved 
junction  condition  in  comparison  to  the  reverse  polarity  condi- 
tion. In  performing  forward  polarity  pulse  testing  on  diodes, 
other  than  temperature  compensated  devices , the  pulse  response 
that  one  measures  is  generally  that  associated  with  the  bulk 
semiconductor  material  in  the  diode  rather  than  that  of  the 
junction.  In  fact,  previous  testing!  has  indicated  that  the 
failure  mode  is  probably  associated  with  bulk  heating  and 
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subsequent  heat  transfer  to  the  junction,  rather  than  due  to 
direct  junction  heating. 

2.1.1  Forward  Polarity  Surge  Impedance 

The  forward  polarity  surge  impedance,  %SF > is  defined  by 


ZSF 


VPF  ~ VJF 
XPF 


(1) 


where 

VpF  = Forward  polarity  pulse  voltage 
Vjp  = Forward  polarity  junction  voltage 
Ipp  = Forward  polarity  pulse  current 


In  general,  under  forward  polarity  pulsing 

VJF  <<  VPF 

and 

Zsf  VpF  = Zqf 
IpF 


(2) 


C3) 


where 

Zdf  = Total  device  pulse  impedance 

If,  for  the  moment,  the  increase  in  junction  potential  with 
current  level  increase  is  neglected,  then  one  can  consider  the 
surge  impedance  to  be  associated  with  the  bulk  material  (under 
high  injection  level  conditions  it  is) . Under  low  injection 
level  conditions  the  surge  impedance  for  a uniform  cylindrical 
bulk  piece  of  silicon  can  then  be  approximated  as 


ZSf 


A 


(4) 


where 


p = Resistivity  of  the  bulk  material 
Z = Length  of  the  bulk  silicon 
A = Cross  sectional  area  of  the  uniform 
cylindrical  bulk  silicon 

Similarly,  if  one  considers  the  diode  current  to  spread  out  from 
the  junction  through  the  bulk  silicon  in  the  form  of  a conic 
frustum  from  a diameter,  dj,  to  a diameter,  d2»  then 
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In  any  event,  this  can  be  generalized  to 


ZSF  ^ K1 

where 

Kj.  = Constant  dependent  on  device  doping 
and  geometry 


(5) 


(6) 


; 

il 


Under  high,  injection  level  conditions  one  can  anticipate 
significant  conductivity  modulation  to  occur.  If  the  current 
path  geometry  through  the  device  does  not  change  significantly 
from  that  existing  under  low  injection  level  conditions,  then 
the  effects  on  device  surge  impedance  due  to  high  injection  level 
conductivity  modulation  are  a function  of  current  density  and  can 
be  approximated  to  the  first  degree  as 


where 


(7)  1 


&2  = constant 

A = average  cross  sectional  area  for 
the  current  path 

which  can  be  generalized  as 

ZSF  * ^ (8) 

1 + K3  (IPF)n 

under  high  injection  levels,  we  would  expect 


&3  ClpF^ 


C9) 
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which  yields 


(Ipp) ^ 


where 


K = constant  dependent  on  device  construction 


Hence,  if  one  were  to  perform  a pulse  voltage-pulse  current 
characterization  for  a particular  device  type,  then  the  expected 
results  would  be  of  the  form 


Vpp  = Ipp  Zgp  = K(Ipp)3“N 


Figure  4 shows  that  such  a.  relationship  is  indeed  exhibited  by 
the  experimental  data  for  the  G.E.  1N4148  diode.  Here,  the  1N4148 
diode  exhibits  a surge  impedance  which  is  of  the  form 


ZSF  = _3ii_ 

Upp)°-31 


where 


Zsf  = Ohms 
Ipp  = Amperes 


This  relationship  is  exhibited  over  a wide  range  of  pulse  current 
to  within  3 a limits  of  + a factor  of  1.45. 

Figure  5 shows  a similar  relationship  which  was  developed  for 
diodes  functionally  clas-sified  as  "rectifiers',  diodes,  and 
switches"  when  one  considers  all  construction  types  together. 

Here,  the  forward  surge  impedance  was  found  to  be  related  to  the 
maximum  average  rectified  current  rating,  I0,  of  the  diodes.  It 
is  interesting  to  note  the  similarity  of  exponents  for  the  con- 
ductivity modulation  between  Figures  4 and  5.  Almost  all  data 
points  lie  within  + a factor  of  3.16.  The  statistical  3 a limits 
are  + a factor  of  6 . Figures  6 , 7 and  8 show  the  surge  impedance 
results  for  rectifiers,  diodes  and  switches  of  alloy,  mesa  and 
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Figure  6.  Forward  Surge  Impedance  Characteristics  of  Alloy  Diodes  Functionally 
Classified  as  Rectifiers,  Diodes  & Switches. 
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Figure  7.  Forward  Surge  Impedance  Characteristics  of  Mesa  Diodes  Functionally  Classified 
as  Rectifiers,  Diodes  & Switches. 
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Figure  8.  Forward  Surge  Impedance  Characteristics  of  Planar  Diodes  Functionally 
Classified  as  Rectifiers/  Diodes  and  Switches. 


planar  constructions/  respectively.  Note  that  the  alloy  devices 
do  not  exhibit  a strong  dependence  on  pulse  current  level  as  do 
the  mesa  and  planar  devices. 

Figure  2 shows  the  correlation  results  developed  for  the 
forward  surge  impedance  of  diodes  functionally  classified  as 
"Zener"  diodes  when  one  considers  all  construction  types  together. 
Here,  the  forward  surge  impedance  was  found  to  be  related  to  both 
the  Zener  power  rating,  Pr,  as  well  as  the  pulse  current  level, 
Ipp.  The  similarity  between  the  conductivity  modulation  exponent 
in  Figures  4 and  9 can  again  be  seen.  Almost  all  data  points  lie 
within  + a factor  of  3.16.  The  statistical  3 a limits  are  + a 
factor  of  5.4.  The  correlation  results  obtained  for  alloy,  mesa 
and  planar  constructions  are  shown  in  Figures  10,  11  and  12. 

The  low  exponent  of  dependence  on  pulse  current  level  exhibited  by 
alloy  devices  can  again  be  seen.  t 


2.1.2  Forward  Polarity  Damage  Current 


Semiconductor  devices  which  exhibit  the:mal  damage  mechanisms 
fail  under  pulse  power  stressing  when  the  temperature  of  the 
junction  reaches  a certain  critical  value.  If  heat  is  produced 
at  a constant  rate  per  unit  time  (square  wave  power  pulsing)  per 
unit  volume,  then  the  time  dependent  temperature  rise  of  any  heat 
producing  general  volumetric  geometry  which  is  immersed  in  an 
infinite  medium  of  the  same  material  can  be  approximated  as2 


AT 


E 


(13) 


pa 


pCv  + 


•^fpCkt*  s + 1 rcktr 


where 

AT  = Temperature  rise  abov.i  ambient 
E = Energy  dissipated  in  the  volume 
p * Material  density 

C = Material  specific  heat  (temperature  dependent) 

k = Material  thermal  conductivity 

(temperature  dependent) 

v = Volume  of  the  heat  producing  region 

s = Total  surface  area  of  the  heat  producing  region 


2 Tasca,  D.M. , "Pulse  Power  Failure  Modes  in  Semiconductors",  in  IEEE 
Transactions  on  Nuclear  Science,  Volume  NS-17,  No.  6,  pp.  364-372, 
December  1970. 
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r = Average  radius  of  the  heat  producing  region 
t = Time 


The  corresponding  expression  for  non-square  wave  power  pulsing  con- 
ditions has  been  previously  developed^  and  will  not  be  repeated  here. 
Due  to  the  relatively  short  time  duration  of  EMP  type  environments, 
the  third  term  in  (13)  can  generally  be  neglected.  If  the  critical 
temperature  rise  for  junction  failure  is  defined  as  a value,  T, 
then  the  required  energy  to  produce  device  damage  can  be  approxi- 
mated from  (13)  as 


E = (pCv  +J pCkt'  s ) T (14) 


As  previously  noted,  the  existing  experimental  data  indicates 
that  diode  failure  under  forward  polarity  pulsing  is  due  to  bulk 
material  heating  and  subsequent  heat  transfer  to  the  junction. 
Since  the  junction  surface  is  in  intimate  contact  with  the  bulk 
surface,  and  if  one  neglects  direct  junction  heating,  then  (14) 
can  be  considered  to  approximate  the  temperature  conditions  of  the 
junction-bulk  material  interface.  Here,  the  energy  term  relates 
to  the  energy  dissipated  in  the  bulk  material,  while  the  volume 
and  surface  area  are  those  of  the  bulk  region.  Since  the  bulk 
material  is  a conductivity  modulated  resistance , the  heat  pro- 
duction in  the  bulk  material  is  due  to  I2R  heating  and  (14)  can 
be  written  a's 


E = tlpp1) 2 Rt  = (pCv  + ^fpCkt  s)  T 
which  can  be  generalized  to 

(Ipp)  2 R t = + K2  ^"t 

From  (10)  the  bulk  resistance  is  of  the  form 


(15) 


(16) 


R = Zgp  = 


K 


(IPF)N 


(17) 
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Hence,  (16)  is  of  the  form 


(IPF)2  K t 


Upp) 


N 


Kl  + K2^t 


(18) 


which  can  be  further  generalized  to 


(IpF) 2 = Ki  (IpF^  ( — + 

* f 


(19) 


Recalling  the  expression  given  in  (12)  for  surge  impedance, 
the  corresponding  expression  for  the  GE  1N4148  diode  would  be 


(IPF)2  for  GE  IN 4 14 8 = Kx  (IpF)°*3lf  i + _i 

* f 


(20) 


Figure  13  shows  that  such  a relationship  is  indeed  exhibited  by 
the  GE  1N4141  diode.  Furthermore,  this  relationship  is  exhibited 
over  a wide  range  of  pulse  width  (0.01  to  300  microseconds)  and 
pulse  current  (3.9  to  180  amperes)  to  within  3 a limits  of  + a 
factor  of  1.47.  The  break  point  between  adiabatic  and  heat 
diffusion  is  about  28  nanoseconds,  which  indicates  a relatively 
large  surface  area  to  volume  region  in  the  bulk  material. 

It  should  be  noted  that  when  diodes  (other  than  temperature 
compensated  Zener  diodes)  are  pulsed  in  the  forward  direction, 
they  do  not  generally  exhibit  a distinct  failure  point  as  does 
reverse  polarity  pulsing,  where  second  breakdown  is  exhibited. 

Hence,  when  analyzing  forward  polarity  pulse  data,  one  is  forced 
to  examine  the  highest  "no-fail”  pulse  stress  level  and  the  lowest 
"fail"  stress  level  and  conclude  that  the  actual  failure  level 
lies  somewhere  in  between.  The  corresponding  uncertainty  is 
associated  with  the  relative  spread  between  "no-fail"  and  "fail" 
levels.  As  such,  one  should  endeavor  to  minimize  the  spread 
between  these  two  levels  and,  if  possible,  limit  the  data  to  be 
analyzed  to  only  those  devices  which  have  sets  of  "no-fail"  — "fail" 
data  pairs.  The  experimental  data  shown  in  Figure  13  has  been 
restricted  to  such  data  pair  sets.  Furthermore,  the  allowable 
data  spread  here,  and  in  subsequent  analyses,  has  been  restricted 
to  those  pairs  which  are  separated  by  no  more  than  a factor  of 
three  between  "no  fail"  and  "fail"  levels  within  each  respective 
data  pair.  In  actuality,  the  data  points  shown  in  Figure  13  are 
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all  within  less  than  a factor  of  two  spread  as  a result  of  the 
close  experimental  controls  exercised  during  the  pulse  testing  of 
this  particular  diode  type.  One  final  note  is  that  the  units  of 
time  are  in  microseconds  for  the  data  shown  here  and  in  all  sub- 
sequent data  graphs  which  contain  a time  dependent  term. 

A relationship  similar  to  (20)  was  developed  for  diodes 
functionally  classified  as  "rectifiers/  diodes  and  switches". 

Here,  the  analysis  showed  that  the  break  point  between  adiabatic 
and  heat  diffusion  conditions  was  less  than  10  nanoseconds.  Due  to 
the  overall  sparsity  of  data  in  this  region,  it  was  felt  that  the 
general  two  termed  time  expression  in  (19)  could  not  be  accurately 
evaluated.  As  such,  the  regression  analysis  was  restricted  to  a 
general  single  time  term  for  more  accuracy.  As  partial  compensa- 
tion, the  conductivity  modulated  surge  impedance  was  not  restricted 
to  a predefined  form  (such  as  that  developed  in  Figures  5,  6,  7 and 
8)  but  was  also  represented  by  a general  expression.  Hence,  the 
regression  analysis  took  the  form 


IPF  = 


(t)«> 


where 


K = Constant  dependent  on  device  parameters 


Figure  14  shows  the  damage  model  developed  from  (21)  for 
rectifiers,  diodes  and  switches  of  all  construction  types.  Here, 
the  damage  current  was  found  to  be  dependent  on  the  maximum 
average  rectified  current,  ID.  Almost  all  data  point  lie  within 
+ a factor  of  3.16  with  statistical  3 a limits  of  + a factor  of 
T.  5.  It  is  interesting  to  note  that  by  approximating  (19)  by 
the  single  termVF*  expression,  yields 


(Ipp) 


2 % Ki  (Ipp)N 


Recall  mg  that  the  exponent,  N,  as  defined  in  Figure  5 is  0.38  yields 


(ipF^ 
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Fiaure  14.  Forward  Pulse  Damage  Current  Characteristics  for  all  Construction  Type  Diodes 
Functionally  Classified  as  Rectifiers,  Diodes  and  Switches (Paired  No  Fail  and 
Fail  Data  Points  Within  a Factor  of  Three) . 
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Note  the  close  agreement  between  the  time  exponents  in  (24)  and 


Figure  14.  Figures  15  and  16  show  the  comparison  of  the  regression 
line  develoned  in  Fi  rrirre  14  tj-i +-h  all  4-ho  "fail"  data  and  "no  fail" 


line  developed  in  Figure  14  with  all  the 
data  in  the  present  data  base. 


Similar  relationships  for  the  forward  polarity  damage  current 
of  individual  construction  types  was  not  performed  due  to  the  small 
amount  of  data  available  on  an  individual  construction  type  level. 


A similar  situation  was  encountered  when  attempting  to  model 
the  forward  damage  current  of  Zener  diodes.  This  was  further  com- 
pounded by  the  fact  that  the  data  base  for  all  construction  types 
consisted  of  only  25  pairs  of  "no-fail"-"fail"  data,  20  of  which 
were  for  a 1 microsecond  pulse  width  and  a 0.4  watt  power  rating. 
In  an  attempt  to  define  at  least  a preliminary  damage  model  the 
following  procedure  was  resorted  to.  By  considering  only  a Vt*1 
time  dependency,  (16)  can  be  generalized  as 


(IpF) 


K2 


5sf 


(25) 


From  Figure  9 


ZSF  “ Lri. 


(Pr)°-41  (Ipp>°-4 


(26) 


Thus 


(Ipp) 


2 ^ k2  (PR)0*41  ('£PF)°-4 


1.1 


(27) 


Recalling  that 


*2  = AT  s 


(28) 
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Figure  15.  Comparison  of  the  Forward  Pulse  Damage  Current  Model  of  all  Construction 
Type  Rectifiers,  Diodes  & Switches  with  all  Fail  Points  in  Data  Base. 
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Figure  16.  Comparison  of  the  Forward  Pulse  Damage  Current  Model  of  all  Construction 
Type  Rectifiers/  Diodes  and  Switches  with  all  No-Fail  Points  in  Data  Base 


and  making  the  tacit  assumption  that 

s a Pr 

and  letting 

^pCk  AT/1.1  = constant 

then 

(IPF)2  = K (^R)  (IPF)°-4 


Xpp  = K (PR)°-88 

(t) 0.312 


Figure  17  shows  the  results  of  the  regression  analysis  using 
the  predefined  form  given  in  (32)  and  the  paired  "no-fail"-"fail” 
data  points  in  the  present  data  base.  The  overall  3 o limits 
associated  with  this  model  are  + a factor  of  11.2  and  is  a direct 
result  of  the  rather  li.  ited  range  of  device  variables  in  the  data 
base.  Figure  18  shows  the  comparison  of  the  model  with  all  "fail" 
points  in  the  data  base,  while  Figure  19  is  a similar  comparison 
for  all  "no-fail"  points. 

2.2  Reverse  Polarity  Models 

The  diode  models  developed  for  the  reverse  polarity  of  junction 
current  conduction  are  presented  in  this  subsection.  Junction  con- 
ditions in  the  reverse  direction  are  not  nearly  as  well  behaved 
as  that  in  forward  conduction.  Rectifiers,  diodes  and  switches 
exhibit  a high  variability  in  reverse  conduction  characteristics. 

The  reverse  conduction  process  in  ideal  diodes  is  controlled  by 
a reverse  voltage  avalanche  breakdown  in  the  depletion  region. 

Real  devices,  however,  are  prone  to  surface  breakdown  over  surface 
geometries  which  vary  from  device  to  device.  This  is  also  dependent 
on  device  construction  type,  surface  conditions,  and,  to  a large 
extent,  breakdown  voltage  level.  Higher  breakdown  voltage  devices 
are  generally  more  susceptible  to  this  than  lower  voltage  cevices. 

Zener  diodes,  on  the  other  hand,  are  designed  to  avalanche  breakdown 
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Figure  18.  Comparison  of  the  Preliminary  Forward  Pulse  Damage  Current  Model  of  all 
Construction  Type  Zener  Diodes  with  .ill  Fail  Points  in  the  Data  Base. 
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of  the  Preliminary  Forward  Pulse  Damage  Current  Model  of  all 
n Type  Zener  Diodes  with  all  No  Fail  Points  in  the  Data  Base 


in  the  depletion  region.  The  majority  of  Zener  diodes,  though, 
are  relatively  low  voltage  units  being  generally  less  than  100  volts. 
Higher  voltage  units  could  exhibit  surface  breakdown  depending  on 
the  particular  junction  construction  used. 

2.2.1  Reverse  Polarity  Surge  Impedance 

The  reverse  polarity  surge  impedance  is  defined  by 


'SR 


_ VPR~VJR 
IPR 


(33) 


where 


VpR  ~ Reverse  polarity  pulse  voltage 
V jr  = Reverse  polarity  junction  voltage 
I PE  = Reverse  polarity  pulse  current 


Vjr  is  generally  taken  as  the  low  level  junction  breakdown  voltage, 
Vz,  that  one  normally  measures  on  a curve  tracer.  Hence 


zSE  . 


(34) 


LPR 


Zgp  is  attributable  to  either  an  increase  in  the  low  injection  level 
junction  voltage  due  to  high  injection  level  effects  or  to  an  IR 
type  voltage  drop  in  the  bulk  semiconductor  region.  In  many  prac- 
tical cases,  if 


VpR  - Vz  < Vz 


(35) 


then  the  surge  impedance  can  be  neglected.  One  can  also  treat 
the  diode  from  a total  device  standpoint  and  define  a total  device 
impedance,  Z^p,  by 


ZDR  = ^ 
-“-PR 


(36) 


The  General  Electric  1N4148  dio  (e  described  in  Figure  3 is 
an  excellent  example  of  a diode  which  exhibits  ideal  avalanche 
breakdown  in  the  depletion  region.  The  device  is  a relatively 
low  voltage  diode  (Vz  ^ 100  Volts)  with  a well-controlled  and 
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passivated  surface  and  is  designed  for  avalanche  breakdown  in  the 
depletion  region  before  punchthrough  in  the  epitaxial  region  occurs. 

As  such,  the  device  is  a good  choice  for  use  as  a baseline  configura- 
tion in  order  to  evaluate  what  should  be  expected  from  a well-controlled 
device.  From  this,  one  can  then  expect  the  situation  to  get  pro- 
gressively worse  as  more  and  more  device  variables  are  considered. 

Figure  20  shows  the  total  device  impedance,  Zdr,  characteristics 
exhibited  by  the  GE  1N4148  diode.  The  statistical  3 o limits  for 
the  impedance  relationship  shown  are  + a factor  of  1.2  over  a very 
large  current  range.  The  relationship  shown  is  what  one  would 
nearly  expect  from  an  ideal  diode  with  no  bulk  impedance.  Here, 

Zdr  would  be  of  the  form 

Zdr  = (37) 


and  the  device  voltage  would  not  increase  significantly  above  the 
low  current  breakdown  voltage  level.  Figure  21,  however,  shows 
that  the  increase  in  total  device  voltage  becomes  comparable  at 
high  current  levels  to  the  low  current  breakdown  voltage  level 
and,  as  such,  the  device  has  a surge  impedance  associated  with  it. 
Furthermore,  a closer  examination  of  the  surge  impedance  character- 
istics reveals  some  very  interesting  observations.  Figure  22,  for 
example,  shows  the  reverse  surge  impedance  characteristics 
associated  with  the  GE  1N4148  diode.  Here,  all  but  one  of  the 
data  points  lie  within  a factor  of  + 3.16  and  the  statistical 
3 a limits  are  + a factor  of  3.S7.  One  could  still  consider  the 
device  to  be  of  an  ideal  diode  nature  with  respect  to  the 
junction  but  to  consist  of  a simple  bulk  resistance,  R,  in  series 
with  the  ideal  junction.  However,  the  characteristics  show  that 
the  reverse  polarity  surge  impedance  is  far  from  being  just  a 
simple  fixed  resistance,  R,  in  series  with  an  ideal  junction  of 
breakdown  voltage,  If  this  were  the  case,  then  Zsr  would  be 

of  the  form 


ZSR  = 


VPR-VZ 


However,  Figure  22  shows  ZgR  to  be  of  the  form 


ZSR  = 

(IPR)°‘85 


For 


tO.9.1  it  i0.015n 


i 


4 

\ 


i 

i i 


I 

i 


! 

i 


I 


-05-7 


-56  *C 


-07‘C 


w 


-58*3 


m 

n 

o 


-0C  *3  o 


-SiM 


ID 

I" 


O 


P, 


-03*  t 


•sro 


•01  *0 


oo 

m 


N 

> 


nj 

'T 

O 

o 


O 

o 

►4 


■57  *0- 


-00*  t - 


I * 
05*7 


07  *C 


I 


I 


I 


I 


I 


0C  *3  03*1  01  *0 

swho  (HSz)  son 


’••I 
00  M - 


Figure  24.  Reverse  Surge  Impedance  Characteristics  for  all  Construction  Tyne  Diodes 
Functionally  Classified  as  Rectifiers,  Diodes  & Switches. 
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Figure  26.  Reverse  Surge  Impedance  Characteristics  of  Alloy  Diodes  Functionally 
Classified  as  Rectifiers.  Diodes  & Switches. 
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Figure  27.  Reverse  Total  Device  Impedance  Characteristics  or  Mesa  Diodes  Functionally 
Classified  as  Rectifiers  Diodes  & Switches. 


Figure  28.  Reverse  Surge  Impedance  Characteristics  of  Mesa  Diodes  Functionally 
Classified  as  Rectifiers,  Diodes  & Switches. 
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Since  the  exponent  for  conductivity  modulation  in  the  forward 
polarity  was  found  to  be  0.31  over  a wide  range  of  current, 
the  characteristics  shown  in  (39)  could  indicate  a combination  of 
conductivity  modulation  in  the  bulk  material  and  junction  voltage 
incraase  under  high  injection  levels.  This,  however,  is  only 
speculative  at  this  time  and  is  mentioned  only  as  an  interesting 
point  for  future  discussion. 

Figures  23  and  24  show  the  total  device  impedance,  Z^-r,  and 
surge  impedance,  Zc;r,  characteristics  developed  for  diodes 
functionally  classified  as  "rectifiers,  diodes  and  switches" 
when  one  considers  all  construction  types  together.  Figure  23 
shows  that  when  one  considers  the  diodes  on  a total  device  basis, 
the  characteristics  are  again  indicative  of  a near  ideal  diode  as 
evidenced  by  the  near  unity  values  for  the  exponents  of  Vz  and 
IPr,  the  near  unity  value  of  the  constant  multiplier  and  the  small 
dependence  on  the  device  current  rating,  IQ.  Here  the  3 o 
statistical  limits  are  within  + a factor  of  3.47  over  five  oders 
of  magnitude  in  current.  Figure  24,  however,  shows  that  the 
devices  do  exhibit  a surge  impedance  characteristic  which  is 
current  level  dependent  and  quite  variable  as  evidenced  by  the 
data  point  scatter.  Here  the  statistical  3 a limits  are  + a 
factor  of  24.  It  is  interesting  to  note  that  the  surge  impedance 
is  relatively  independent  of  the  device  current  rating,  ID.  The 
corresponding  device  impedance  and  surge  impedance  characteristics 
of  the  individual  device  construction  types  are  shown  in  Figures 
25  through  30.  The  statistical  3 o limits  are  somewhat  smaller 
when  the  devices  are  considered  on  an  individual  construction  type 
basis.  In  general,  though,  the  impedance  characteristics  still 
follow  the  trends  shown  in  Figures  23  and  24.  Interestingly 
enough,  the  alloy  devices  were  the  only  construction  type  to 
exhibit  a moderate  dependence  on  the  ID  current  rating  parameter. 

The  total  device  impedance,  ZdR/  and  surge  impedance, 

ZSR.-  characteristics  developed  for  diodes  functionally  classified 
as  "Zener  diodes"  when  one  considers  all  construction  types 
together  is  shown  in  Figures  31  and  32.  Both  impedance  character- 
istics exhibit  a dependence  on  device  parameters  other  than 
junction  breakdown  voltage,  Vz.  In  fact,  if  one  considers  that 
the  device  power  rating,  Pr,  is  related  to  the  junction  area, 
then  one  could  conclude  that  the  characteristics  are  indicative 
of  depletion  region  avalanche  over  a sizeable  portion  of  the 
junction  area.  This  should  not  be  too  suprising,  however,  since 
the  data  base  is  proliferated  with  a wealth  of  low  voltage 
(i.e.,  < 10C  vpits)  Zener  diode  types  which  should  not  be  as 
susceptible  to  surface  breakdown.  Furthermore,  if  one  compares 
the  surge  impedance  characteristics  shown  in  Figure  32  with  those 
shown  in  Figure  9 then  one  would  be  tempted  to  write 
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ZSR  = 0.61(Vz)°-6 


(IpR)0*5  (PR)0-36 


ZSF  ~ i-li- 


therefore 


(IPR)0-4  (PR)0-41 


= 0.55  (VZ)°-6  (PR)0'05  zSF 
(IpR) ^ 


ZSR  ^ 0.55  (V2)0*6  ZgF 


As  such,  one  would  then  conclude  that  a significant  part  of  the 
device  surge  impedance  is  due  to  a bulk  IR  type  voltage  drop  in 
the  device.  The  damage  current  model  developed  in  Section  2.2.2 
for  Zener  diodes  also  tends  to  indicate  that  the  failure  mechanism 
for  the  lower  voltage  units  is  indicative  of  I^R  heating  in  the 
bulk  material. 

The  corresponding  models  for  total  device  impedance,  Zr>R  , 
and  surge  impedance,  ZgR,  when  considering  individual  construction 
types  is  shown  in  Figures  33  through  38.  Again,  the  devices  are 
observed  to  follow  trends  similar  to  those  for  all  construction 
types  together.  The  statistical  3 a limits,  though,  are  somewhat 
smaller  when  one  considers  the  devices  on  an  individual  construction 
basis,  with  the  higher  3 a limits  being  associated  with  the  higher 
voltage  devices  and,  in  particular,  the  high  voltage  mesa  units. 

The  statistical  3 a limits  for  all  device  constructions  together 
are  + a factor  of  5.6  and  + a factor  of  11.2  for  Zqr  and  ZgR, 
respectively,  with  the  majority  of  data  points  being  within  + a 
factor  of  3.16. 

2.2.2  Reverse  Polarity  Damage  Current 


The  reverse  surge  impedance  characteristics  developed  for 
"rectifiers,  diodes  and  switches"  was  found  to  be  relatively 
independent  of  the  device  current  rating,  IQ.  The  IG  rating  of 
a diode  is  a qualitative  measure  of  the  junction  area,  and  hence 
the  area  of  the  bulk  conducting  region.  Thus,  one  would  conclude 
that  a significant  amount  of  the  reverse  pulse  power  applied  to 
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Figure  33.  Reverse  Total  Device  Impedance  Characteristics  of  Alloy  Diodes 
Functionally  Classified  as  Zener  Diodes. 
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Figure  34.  Reverse  Surge  Impedance  Characteristics  of  Alloy  Diodes  Functionally 
Classified  as  Zener  Diodes. 
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Figure  35.  Reverse  Total  Device  Impedance  Characteristics  of  Mesa  Diodes 
Functionally  Classified  as  Zener  Diodes. 
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Figure  37.  Reverse  Total  Device  Impedance  Characteristics  ’ Planar  Diodes  Functionally 
Classified  as  Zener  Diodec. 
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the  device  is  being  dissipated  at  the  junction  rather  than  in  I2R 
bulk  heating.  As  such,  the  energy  transfer  relationship  defined 
in  (14)  would  be  associated  with  the  diode  junction  where  "v"  and 
"s"  refer  to  the  junction  volume  and  surface  area,  respectively. 

From  Figure  23,  it  is  observed  that  total  device  impedance 
characteristics  of  the  ’’rectifiers , diodes  and  switches"  is 
given  by 


Ym  = 0.9  (Vz)i-1 

IPR 


(44) 


(IpR) 


0.91 


(In) 


0.0148 


Since  the  exponent  on  the  IQ  term  is  so  small,  one  can  write 


'PR 


VZ 


^ 0.9  (V2) 


0.1 


Upr) 


0.09 


(45) 


4 

\\ 


: 


For  a 10  ampere  pulse  current  level  in  a 100  volt  device  the 
increase  in  device  voltage  beyond  the  low  current  level  breakdown 
voltage,  V2,  is  then 


VPR 

VZ 


* 1.75 


(46) 


Hence  to  within  a factor  of  two  the  diodes  can  be  considered  to 
act  as  ideal  diodes  with  no  heat  production  in  the  bulk  material. 
As  such,  the  energy,  E,  in  (14)  would  be  defined  by 


E -v  V2  IpR  t 


(47) 


and  (14)  can  be  generalized  as 

IPR  = K1  (~ 


(*•*) 


(48) 


Figure  39  shows  that  the  experimental  data  for  the  reverse 
damage  current  of  the  GE  1N4148  diode  does,  indeed,  follow  such 
a form.  This  relationship  is  exhibited  ever  a wide  range  of 
pulse  width  (0.004  to  300  microseconds)  and  pulse  current  (0.04  to 
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Figure  39.  Reverse  Polarity  Pulse  Damage  Current  Characteristics  of  the  GE  1N4148  Diode. 


100  amperes)  to  within  3 o limits  of  + a factor  of  3.97.  The 
break  point  between  adiabatic  and  heat  diffusion  is  about  310 
nanoseconds . 

A relationship  similar  to  (48)  was  developed  for  diodes 
functionally  classified  as  "rectifiers,  diodes  and  switches".  The 
analysis  indicated  that  the  break  point  between  adiabatic  and  heat 
diffusion  conditions  was  le<=  than  30  nanoseconds.  Due  to  the 
overall  sparsity  of  data  ' . r>.is  region,  it  was  felt  that  the 
general  two  termed  time  e»  c.s:  .n  given  in  (48)  could  not  bo 
accurately  evaluated.  As  such,  the  regression  analysis  was  re- 
stricted to  a general  single  time  term  for  more  accuracy,  and 
took  the  form 


JPR  = — m (49) 

(t)m 

where 

K = Constant  dependent  on  device  parameters 


The  damage  model  developed  from  (49)  is  shown  in  Figure  40  for 
all  construction  types  taken  together.  Here,  the  damage  current 
was  found  to  be  dependent  on  the  current  rating,  I0,  and  relatively 
independent  of  low  current  avalanche  voltage,  Vz.  This  is  not  too 
suprising  since  relatively  large  junction  area  devices  are 
included  in  the  modal  given  in  Figure  40  and  the  analysis  indicated 
that  heat  diffusion  term,  \ZlT  , was  significant.  As  such,  a 
parameter  indicative  of  diode  surface  area,  such  as  I0,  should  be 
expected.  The  close  agreement  of  the  time  exponent,  0.64,  with 
the  theoretical  0.5  should  also  be  noted.  The  3 a statistical 
limits  for  the  model  are  + a factor  of  16. 

Figures  41,  42  and  43  show  the  damage  models  developed  for 
individual  construction  type  "rectifiers,  diodes  and  switches". 

As  would  be  expected,  the  3 a limits  are  smaller  when  construction 
types  are  considered  individually.  The  smaller  time  r --.ponents 
(0.41  and  0.46)  for  the  alloy  and  mesa  devices  which  have  larger 
area  devices  is  contrasted  with  the  larger  exponent  (0.77)  of 
the  quasi-adiabatic  plai  devices  which  have  much  smaller  junction 
area  devices  in  the  data  ease. 


For  the  Zener  diode  model,  recourse  is  once  again  made  to  an 
examination  of  the  total  device  impedance  characteristics.  From 
Figure  31,  it  is  observed  that  ZgR  is  given  by 
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igure  42.  Reverse  Pulse  Damage  Current  Characteristics  of  Mesa  Diodes  Functionally 
Classified  as  Rectifiers,  Diodes  & Switches. 


VPR  = 1.48  (Vz)0-72 

XPR  (PR) 0.23  (IPR) 0.65 


VPR 

vz 


1.48  (JPR) °*  35 
(PR) 0.23  (Vg) 0.28 


(51) 


1 watt  Zener  diode  pulsed  at  30  amperes,  this  becomes 


VpR  = 2.96  (52) 

VZ 


While  for  a 100  volt,  1 watt  device  pulsed  at  30  amperes 


\h 


1 i 


VPR  = 1.34  (53) 

VZ 


For  the  low  voltage  Zener  diodes,  the  increase  in  device  voltage 
above  the  Zener  level  is  significant  and  is  primarily  a result  of 
an  IR  drop  in  bulk  material.  The  higher  voltage  Zener  diodes, 
on  the  other  hand,  approximate  ideal  diodes  whereby  the  pulse 
power  is  dissipated  primarily  in  the  junction  region.  Hence, 
the  low  voltage  devices  would  be  susceptible  to  I2R  heating  and 
the  higher  voltage  units  to  direct  junction  heating.  Medium  voltage 
diodes,  though,  would  be  susceptible  to  a combination  of  these 
effects,  whereby  the  heat  transfer  from  the  bulk  material  to  the 
junction  would  be  comparable  to  the  heat  generated  in  the  junction. 

Thus,  in  general,  the  temperature  rise  in  the  junction,  AT, 
would  be  expressed  as 


ATj  oQj  + ctQB 


(54) 


where 


Qj  = Heat  dir<  ctly  generated  in  the  junction 
Qb  = Heat  generated  in  the  bulk  material 
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o = Time  and  diode  geometry  dependent  heat 
coupling  factor 

or,  in  terms  of  the  time  truncated  expression  given  in  (13) 

ATj  = ^JR + a E3R (55) 

pCvj  + y pCkt'  sj  pCvb  + ^ pCkt'  sB 

where  the  subscripts  "J"  and  "B"  refer  to  the  junction  and  bulk, 
respectively. 


If  the  junction  is  an  ideal  junction,  then 


t Ejr  = vz  IpR  t (56) 

| and  the  energy  dissipated  in  the  bulk  is 

I 

f 

J EBR  = (Ipr)2  ZSR  t (57) 


t 


! 


L 

& 

4 


V 


r~ 

§-■ 


/ 


eBR  - *PR  (VpR-Vz)  t 


(58) 


In  the  low  voltage  diodes,  the  heating  effect  will  be  similar  to 
that  in  the  forward  direction  where  non-adiabatic  conditions  pre- 
dominated. One  would  expect  the  larger  power  rated,  higher  voltage 
d'odes  to  exhibit  a somewhat  similar  response  due  to  their  relatively 
larger  surface  area  to  volume  ratios.  Hence,  if  one  neglects 
adiabatic  heating  for  simplification,  then 

ATj  = Vz  IPR>ft~  + glpR  (VpR-Vz)  VT  (59) 

k2  s j k2  s B 


where  K2  “ 


If  uniform  heating  and  temperature  rise  of  the  bulk  is  assumed,  then 
"a"  can  be  considered  to  be  related  to  the  tine  that  it  takes  heat 
to  diffuse  from  the  surface  of  the  bulk  through  the  entire  junction 
width.  This  time  is  related  to  the  heat  diffusion  length,  Lh»  by 
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I 


lh  = 


and  "a"  is  also  related  to  the  junction  width  "Xj" . As  a first 
approximation,  "a"  can  be  considered  to  be  of  the  form 


‘*(5) 


such  that  at  very  short  times  (i.e.,  Ly  'v  0)  "a"  is  very  small 
and  no  coupling  occurs  and  at  very  large  times  (i.e.,  LH  ^ oo  ) 
"a"  is  unity  and  complete  coupling  occufn.  The  junction  width, 
Xj,  can  be  considered  to  be  of  the  form 


Xj  - K (V2r  (62) 

Pllillips^  gives  relationships  which  enable  one  to  evaluate  "K"  and 
"P"  in  (62)  for  both  abrupt  and  graded  base  junctions.  For  abrupt 
junctions,  this  is 

K = 1.97  x (10)"6  (63) 

P = 1.215  (64) 

and  for  graded  junctions 

K = 1.35  X 10-6  (65) 

P = 1.25  (66) 

which  yields  average  values  of 

K » 1.66  x 10~6  (67) 

P = 1.23  (68) 


The  diffusion  length,  LH,  can  be  evaluated  from  the  following 

k = 0.714  average  from  25°C  to  600°C  i 


'Phillips,  a -B. , "Transistor  Engineering",  McGraw-Hill  Book 
Company,  Inc.,  1962. 
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c 


0.935  @ 725°C 


(70) 


p = 2.42 


(71) 


Thus , 


i 


= */  0. 316  t cm 


(72) 


and 


a = 


1 + 1.66  x 10-6  (Vz) ^3 


(73) 


{T. 


316  t 


Finally,  if  we  make  the  admittedly  questionable  oversimplification 
that 


SJ  * SB  ^ PR  & VZ 


(74) 


then,  from  (59)  we  obtain 


IpR  = K (vz)A  (PR) 


B 


(75) 


Vz  + a (VpR 


-vz)  ^ 


where  "a"  is  given  by  (73) . 


A regression  analysis  of  the  Zener  diode  damage  data  was 
performed  using  the  relationship  defined  in  (75) . Since  the  data 
base  consisted  of  numerous  low  voltage  devices  where  a distinct 
time  point  of  damage  could  not  be  observed,  the  data  was  analyzed 
only  for  pairs  of  "no-fail"-"fail"  points  whish  were  separated  by 
no  more  than  a factor  of  three.  Also,  the  time  term  was  not  con- 
strained to  a 0.5  exponent,  but  for  additional  accuracy,  was 
expressed  in  general  form  to  be  solved  by  the  regression  analysis. 
The  results  of  this  are  shown  in  Figure  44.  The  relationship 
shown  provides  a reasonable,  although  not  very  accurate,  representa 
tion  of  the  Zener  diode  damage  data.  The  statistical  3 o error  is 
+ a factor  of  25v*  Note  that  the  regression  analysis  defined  the 
exponent  of  time  to  be  0.56  which  is  in  close  agreement  to  the 
non-adiabatic  assumption  of  0.5. 
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Figure  44.  Preliminary  Model  Describing  the  Coupling  of  Bulk  Generated  Heat  to  the 
Diode  Junction. 


The  majority  of  the  data  points  in  the  present  data  base  are 
associated  with  low  and  medium  voltage  Zener  diodes  (i.e. , 40  volts 
or  less)  in  which  direct  junction  heating  should  not  be  as  signifi- 
cant as  bulk  heating.  In  view  of  this,  and  in  light  of  the  difficulty 
associated  with  obtaining  an  accurate  representation  for  (55) 
recourse  was  made  to  assuming  that  the  entire  damage  energy  was 
dissipated  only  in  bulk  heating.  For  this  condition,  (55)  can  be 
expressed  as 


(I?P.)2  ZgR  t = pCvB  + ^ pCkt ' sB 


Since  the  previous  regression  analysis  indicated  that  non-adiabatic 
heating  was  predominant  and  recalling  from  Figure  32  that 

ZSR  = 0,61  (VZ)0-6  (77) 

(Pr)0.36  (ipR)  0. 5 

yields,  in  general  terms 

= — (18) 


where 


K = Device  geometry  and  material  thermal 
property  dependent 


which  in  terms  of  Ipr  yields 


(t) 0-333 

A regression  analysis  was  again  performed  using  the  form 
defined  in  (79).  Again  time  was  expressed  in  general  terms  rather 
than  in  a predefined  value.  Figure  45  shows  the  damage  model  which 
was  developed.  Here,  almost  all  data  points  lie  within  + a factor 
of  3.16  and  the  statistical  3 a limits  are  + a factor  of  9.8. 

Note  the  similarity- in  the  exponent,  as  shown  in  Figure  45  (0.38) 
with  that  derived  above  (0.333).  Figures  46  and  47  show  a compari- 
son of  the  damage  model  with  ail  the  "fail"  and  "no  fail"  points 
respectively  which  are  in  the  data  base. 


Mai 


Figure  45.  Reverse  Pulse  Damage  Current  Characteristics  for  all  Construct!  . Type  Diodes 
Functionally  Classified  as  Zener  Diodes  (Paired  No  Fail  & Fail  Data  Points 
Within  a Factor  of  Three) . 
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Figure  47.  Comparison  of  the  Reverse  Pulse  Damage  Current  Model  for  all  Construction  Type 
Zener  Diodes  with  all  No  Fail  Points  in  the  Data  Base. 


A similar  regression  analysis  was  also  performed  on  the 
individual  construction  types  in  the  data  base.  Again,  just  the 
paired  data  points  within  a factor  of  three  were  used.  Although 
the  statistical  3 a error  limits  are  lower  in  this  case,  it 
should  be  observed  that  the  total  range  of  all  variables  is  much 
less  than  that  for  the  entire  data  base.  (Figures  48,  49  and  50) 

2. 3 Model  Development  Summary 

Engineering  type  damage  models  to  predict  both  surge  impedance 
and  failure  levels  of  silicon  semiconductor  diodes  when  exposed 
to  EMP  type  environments  were  developed  from  multiple  regression 
analyses  of  a large  experimental  data  base  which  was  supplied  by 
the  U.  S.  Army/HDL  and  the  U.  S.  Air  Force/AFWL.-  The  models  were 
developed  for  both  forward  and  reverse  polarities  of  junction 
current  conduction.  The  models  are  expressed  in  terms  of  published 
device  parameters  and,  as  such,  do  not  require  a "hands  on"  device 
evaluation.  The  models  were  developed  both  for  conditions  where 
the  device  construction  was  unknown  and  for  conditions  where 
specific  device  construction  is  known . Separate  models  were 
developed  for  devices  functionally  classified  as  "rectifiers, 
diodes  and  switches"  and  for  devices  functionally  classified  as 
"non- temperature  compensated  Zener  diodes". 

The  analysis  showed  that,  under  high  pulse  current  injection 
levels,  the  forward  polarity  surge  impedance  of  both  diode  classes 
exhibited  conductivity  modulation  effects  whereby  the  impedance 
was  inversely  proportional  to  IN  where  N was  between  0.3  and  0.4. 

The  forward  polari tv  pulse  damage  in  both  classes  of  diodes  was 
found  to  be  due  to  bulk  heating  under  non-adiabatic  conditions 
for  the  pulse  widths  and  device  junction  areas  evaluated.  The  con- 
ductivity modulation  effects  caused  the  exponent  of  the  time 
dependence  for  damage  to  lie  in  the  range  of  0.3  as  would  be  ex- 
pected from  these  effects. 

Under  reverse  pulse  polarity  conditions  the  low  and  medium 
voltage  Zener  diodes  also  exhibited  a surge  impedance  associated 
with  the  bulk  material  and  also  partially  dependent  on  conductivity 
modulation  effects.  The  reverse  polarity  surge  impedance  of  the 
"rectifiers,  diodes  and  switches"  was  found  to  be  strongly  dependent 
cn  both  device  breakdown  voltage  level  arid  pulse  current  level. 

The  reverse  polarity  pulse  damage  in  the  Zener  diodes  was  found 
to  be  due  also  to  I*R  bulk  heating  under  non-adiabatic  conditions. 

The  rectifiers,  diodes  and  switches,  however,  exhibited  junction 
heating  effects  which  were  also  characteristic  of  non-adiabatic 
conditions. 

A summary  of  the  various  models  developed,  together  with  the 
associated  1 o statistical  error  limits,  is  given  in  Table  6. 

The  models  are  shown  only  for  the  conditions  where  diode  construction 
information  is  unknown.  For  practicality,  all  parameters  which  ex- 
hibited an  exponent  of  dependency  less  than  0.035  have  been  omitted. 
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Figure  48.  Reverse  Pulse  Damage  Current  Characteristics  of  Alloy  Diodes  Functionally 
Classified  as  Zener  Diodes  {Paired  No  Fail  & Fail  Points  Within  a Factor 
of  Three) . 
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3.  Junction  Field  Effect  Trans  ■' nbor  Damage  Testing 

Bipolar  semiconductor  devices  have  been  studied  in  detail  in 
the  past  and  their  associated  pulse  response  and  damage  character- 
istics are  well  known.  Junction  field  effect  transistors  (JFET's), 
in  contrast,  have  not  received  anywhere  near  the  attention  that 
bipolar  devices  have.  As  a result,  comparitively  little  is  known 
about  their  pulse  response  and  damage  characteristics.  As  such, 
the  objective  of  this  task  was  to  perform  a detailed  experimental 
pulse  damage  characterization  of  a typical  JFET  device  in  order 
to  provide  sufficient  information  to  determine  the  basic  pulse 
response  and  damage  characteristics  of  JFET  structures. 

To  meet  this  objective  extensive  pulse  damage  testing  was 
performed  on  the  Motorola  2N4392  N-Channel  silicon  JFET.  The 
2N4392  is  a depletion  mode  device  designed  for  chopper  and  high 
speed  switching  applications.  A total  of  215  units  were  evaluated 
in  the  test  program  for  various  combinations  of  terminal  pairs  in 
biased  and  unbiased  configurations.  The  pulse  damage  testing  con- 
sisted of  the  following  pulse  conditions:  square  wave  testing 

without  bias  (3  nanosecond  to  100  microsecond  pulse  widths)  ; square 
wave  testing  with  bias  (10  nanoseconds  to  1 microsecond  pulse 
widths) ; multiple  square  wave  testing;  Bipolarity  square  wave 
testing  and  5 MHz  damped  sxhusoid  testing.  The  gate-source  and 
source-drain  terminal  pairs  were  evaluated  under  both  positive 
and  negative  pulse  polarities. 

The  permanent  damage  experiments  were  of  a step-stress  nature. 
That  is,  single  pulses  of  increasing  energy  level  and  fixed  time 
duration  were  consecutively  applied  to  a selected  device  terminal 
pair  until  permanent  damage  occurred.  The  occurrence  of  damage 
was  determined  by  examing  the  device  characteristic  curves  which 
were  obtained  prior  to  the  initial  pulse  and  following  each  sub- 
sequent pulse  of  energy.  Device  damage  was  taken  as  the  point 
where  the  first  minimum  discernable  change  in  device  characteristics 
was  observed.  After  examing  the  safe-fail  energy  levels  of  this 
device , the  energy  increments  were  then  changed  and  the  procedure 
repeated  for  a number  of  similar  devices  using  the  same  bias  con- 
ditions and  terminal  pair  input. 

The  high  injection  level  pulse  V— I characteristics  of  the 
gate-source  and  source-drain  terminal  pairs  for  each  pulse  polarity 
are  shown  in  Figures  51  to  54.  Figure  51  shows  that  when  the 
gate-source  junction  is  pulsed  in  the  forward  direction,  a normal 
forward  bias  junction  characteristic  is  observed.  Similarly, 

Figure  52  shows  that  under  reverse  bias  conditions  the  gate-source 
junction  exhibits  a second  breakdown  response  together  with  a 
moderate  reverse  surge  impedance  characteristic.  The  corresponding 
V-I  characteristics  for  the  source-drain  terminal  pair  with  the 
gate  open  is  shown  in  Figures  53  and  54.  Both  terminal  pairs 
exhibit  normal  depletion  and  pinch-off  characteristics  as  well  as 
avalanche  characteristics.  At  high  avalanche  injection  levels,  a 
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second  breakdown  occurs  at  a relatively  fixed  injection  level 
(i.e.,  pulse  current  levels  in  the  range  of  0.1  to  1 ampere) 
in  spite  of  the  wide  range  of  pulse  testing  performed  (i.e., 

3 nanoseconds  to  100  microseconds) . As  such,  one  would  expect 
the  device  behaviour  to  be  significantly  different  from  the 
traditional,  well-defined  energy-time  characteristics  of  bipolar 
devices  which  exhibit  avalanche  breakdown  in  the  depletion  region. 
This  is,  indeed,  the  case  as  is  evidenced  from  a close  examination 
of  the  device  damage  characteristics. 

In  the  forward  polarity  the  gate-source  junction  behaves  like 
a normal  forward  biased  diode.  Because  of  the  relatively  large 
junction  to  metallization  area  ratio  in  the  device,  metallization 
burnout  occurred  before  junction  damage.  Figure  55  shows  the 
square  wave  damage  current  characteristics  of  the  device  in  the 
forward  direction.  The  current  versus  time  profile  follows  exactly 
what  one  would  expect?-  for  metallization  burn  jut  and  comparisons 
with  theoretical  models^  show  a predicted  value  of  12  to  19  amperes 
(based  on  minimum  and  maximum  metallization  controls)  =-t  a 
1 microsecond  pulse  width  which  agrees  with  the  9 to  13  ampere 
experimentally  observed  levels. 

The  reverse  polarity  gate-source  junction,  however,  exhibited 
some  very  interesting  characteristics,  as  shown  in  Figure  56. 

Here,  the  device  was  observed  to  exhibit  a second  breakdown  response 
which  was  initiated  at  a relatively  constant  pulse  current  injection 
level  from  30  nanoseconds. to  100  microseconds.  Whenever  second 
breakdown  occurred,  device  damage  resulted  even  though  the  post 
second  breakdown  currents  were  within  a factor  of  1.5  of  the  pre- 
second breakdown  levels.  At  the  10  nanosecond  a.id  3 nanosecond 
pulse  levels,  a second  breakdown  response  was  not  clearly  dis- 
cernible for  either  the  "no-fail"  or  "fail"  conditions.  Hence,  it 
is  unclear  whether  these  levels  shown  represent  ore-  or  post- 
second  breakdown  conditions.  Nonetheless,  the  pulse  current  levels 
required  for  device  damage  increased  sharply  below  30  nanoseconds. 

The  pulse  response  and  damage  characteristics  of  the  source- 
drain  terminal  are  similar  to  the  reverse  bias  gate-source  junction 
and  are  somewhat  more  interesting.  The  device  was  again  observed 
to  exhibit  a second  breakdown  response  which  as  initiated  at  a 
relatively  constant  pulse  current  injection  level  as  shown  in 
Figures  57  and  58.  The  response  was  similar  for  either  direction 
of  pulse  polarity.  Note,  however,  that  in  this  case  second  break- 
down could  be  initiated  without  producing  device  damage.  Also, 
the  pulse  current  required  for  damage  is  seen  to  again  increase 
sharply  below  30  nanoseconds  and  in  this  region  the  damage  levels 
are  significantly  higher  than  the  second  breakdown  initiation 
levels . 

Figures  59,  60  and  61  show  a summary  of  the  pulse  damage 
levels  associated  with  the  reverse  bias  gate-source  junction  and 
the  drain-source  terminal  pai.r.  These  characteristics  are  shown  in 
terms  of  the  range  of  "safe"  and  "fail"  currents  which  were  experi- 
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B'igure  56.  Pulse  Response  Characteristics  of  the  Source-to-Gate 


Pulse  Damage  Current  Characteristics  of  the  Sou  ^e-to-: 


mentally  observed  and  do  not  include  the  various  aspects  of 
second  breakdown  shown  in  Figures  56,  57  and  58.  The  similarity 
between  the  form  of  the  time  dependent  damaae  characteristics  for 
all  three  conditions  can  be  seen.  Table  7 shows  a summary  of  the 
pulse  damage  aspects  with  respect  to  the  effects  on  various 
device  operating  parameters . The  parameters  shown  are  forward 
transconductance  (Yfs  at  Vds  = 10  Volts,  Vgs  = -1  Volt),  gate- 
source  breakdown  voltage  (BVgs  at  iGS  = 50  ya) , gate-source  forward 
voltage  (VFgs  at  iGS  = 1 ma) , gate-drain  breakdown  voltage 
(BVgd  at  Iqd  = 50  ya) , gate-drain  forward  voltage  (VFgd  at  Igd  = 1 ma) , 
drain-source  on  voltage  (VDon  at  Id  = 10  ma,  Vqs  = 0 Volts),  the 
gate-to-source  and  drain  leakage  current  (Igsd  at  VGSD  = 20  Volts) 
and  the  pinch-off  voltage  (Vp  at  Ids  - 10  ya  and  Vds  = 10  Volts) . 

The  primary  damage  effect  in  the  S-G,  D-S,  and  S-D  polarities  was 
a degradation  in  the  G-S  and  G-D  reverse  junction  characteristics. 

The  forward  junction  characteristics  were  relatively  unaffected, 
as  was  Yps  / VDon  an<3  Vp.  Substantial  gate  leakage  current  increases 
were  observed,  though.  In  the  G-S  polarity  large  metallization 
damage  accompanied  by  internal  open  circuits  were  observed. 

Long4  has  proposed  a number  of  damage  mechanisms  which  could 
be  possible  in  JFET  structures.  These  are  current  mode  second 
breakdown,  surface  breakdown  and  a thermal  mode 1 based  on  heating 
in  the  channel  opening  in  pinch-off  and  modeled  as  an  infinitely 
long,  small  diameter  cylinder  to  describe  the  heating  conditions 
along  a substantial  portion  of  the  entire  gate  length.  The  thermal 
model  provides  a reasonable  fit  to  the  data  in  the  greater  than  30 
nanosecond  range.  The  current  mode  second  breakdown  and  surface 
breakdown  considerations  likewise  provide  a qualitative  explanation 
of  the  greater  than  30  nanosecond  characteristics.  The  near  linear 
rise  in  damage  current  level  below  30  nanoseconds,  however,  may  be 
associated  with  the  current  required  to  charge  the  junction  capaci- 
tance to  a critical  voltage  level  and  could  indicate  a surface 
breakdown  mechanism.  The  exact  failure  mechanisms  associated  with 
the  2N4392  device,  though,  have  not  been  established  at  this  time. 
Further  definition  of  the  JFET  current  gain  and  other  conduction 
phenomena  under  high  injection  levels  is  required  to  achieve  a 
firmer  understanding  of  the  failure  mechanisms. 

An  indication  of  the  relative  unimportance  of  DC  bias  on  JFET 
vulnerability  at  both  the  long  and  short  pulse  widths  is  given  in 
Table  8.  Here,  the  JFET  was  biased  well  into  pinch-off  by  a 
-10  Volt  D.C.  level  on  the  gate  and  the  drain-source  terminal  pair 
damage  level  for  both  pulse  polarities  was  evaluated  and  compared 
to  the  unbiased  condition.  Device  vulnerability  was  evaluated  in 
both  the  low  current  level  (1  microsecond  pulse  width)  and  high 
current  level  (10  nanosecond  pulse  width)  damage  regions.  In  neither 
case  did  the  DC  bias  conditions  alter  the  vulnerability  levels  of 
the  device . 


4 

Long,  D.M.  and  Swant,  D.H.,  "Burnout  of  Junction  Field  Effect 
Transistors",  IEEE  Transactions  on  Nuclear  Science,  Volume  NS-20, 
#6,  pp. 149-157,  December  1973. 
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Table  9 shows  the  effects  of  multiple  square  wave  pulses  on 
the  damage  level  of  the  forward  biased  gate-source  junction. 

Here,  metallization  burnout  is  the  damage  mechanism  and  the  data 
shown  corresponds  to  the  current  levels  required  to  produce 
metallization  burnout  in  the  JFET.  The  thermal  aspects  of  metalli- 
zation damage  are  illustrated  in  the  experimental  damage  data. 

The  multiple  pulse  square  wave  damage  shows,  for  example,  the 
increased  current  level  requ:  red  for  metallization  burnout  as 
the  "off  time"  between  subsequent  pulses  increases.  These  charact- 
eristics are  indicative  of  increased  thermal  cooling  during  the 
pulse  off  time  and  the  corresponding  higher  level  required  to  raise 
the  metallization  temperature  up  to  the  failure  point.  These 
results  are  in  agreement  with  those  previously  obtained^  on  other 
metallization  testing. 

Table  10  shows  the  effects  of  bipolarity  square  wave  pulses 
on  the  gate-source  junction.  Under  single  square  wave  pulsing 
the  source-to-gate  polarity  of  the  JFET  is  about  20  times  more 
vulnerable  than  the  gate-to-source  polarity.  The  experiments  were 
performed  by  first  pulsing  the  device  in  the  gate-to-source  polarity 
and  then  reversing  the  pulse  such  that  the  source-to-gate  polarity 
was  then  stressed.  The  off  time  between  the  two  pulses  was  varied 
from  zero  to  300  nanoseconds.  No  significant  effects  on  the 
source-to-gate  damage  level  are  observed  when  the  gate-to-source 
polarity  is  first  stressed  with  an  equal  amplitude  current  pulse. 
Similar  results  are  observed  if  one  also  used  an  equal  amplitude 
damped  sine  wave  as  shown.  If,  however,  the  gate-to-source 
polarity  is  stressed  at  a five  times  higher  current  pulse  than  the 
source-to-gate  direction,  then  the  deunage  level  for  source-to-gate 
is  increased  by  a factor  of  about  three.  Interestingly  enough, 
if  a 300  nanosecond  delay  is  used  between  bipolar  pulses,  then  the 
source  to  gata  vulnerability  returns  to  its  original  lower  level. 

A similar  effect  has  been  observed  in  mesa  diodes  which  were 
subject  to  surface  breakdown.  Hence,  the  observations  may  indicate 
a surface  problem  in  the  device.  This,  however,  is  far  from  con- 
clusive if  based  on  the  one  experimental  observation  noted  here. 

Table  II  shows  the  results  of  the  bipolarity  evaluation  of 
the  drain-source  terminal  pair.  Here,  a 5 MHz  damped  sine  wavs 
with  equal  positive  and  negative  amplitudes  was  used  for  the  pulse 
shape.  No  significant  difference  in  vulnerability  level  was 
observed  for  these  conditions. 
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The  objective  of  the  Semiconductor  Device  Failure  Analysis  Task 
was  to  physically  examine  a variety  of  semiconductor  device  types 
which  were  subjected  to  EMP  ulse  damage  in  order  to  determine 
the  nature  of  the  failure  me c nanisms  in  the  respective  device  types. 
The  device  types  examined  were  the  1N4148  diode,  2N918  transistor, 
RD211  gate  expander,  MEM806A  MOSFET  and  SN5404  microcircuit  which 
were  previously  subjected  to  pulse  damage  testing  under  Contract 
DAAG  3S-72-C-Q066 , together  with  the  2N4392  JFET  which  was  subjected 
to  pulse  damage  testing  under  the  present  program.  The  failure 
analyses  consisted  of  a surface  examination,  microprobing,  surface 
etching,  device  cross-seclioning  and  electron  microscopy. 


The  selection  of  the  individual  units  for  failure  analysis 
was  based  on  evaluating  devices  which  exhibited  the  largest  extent 
of  electrical  damage  and  obtaining  an  adequate  representation  of 
the  various  pulse  excitations  (including  pulse  width  and  polarity) 
and  combinations  of  device  terminal  pairs  which  were  pulsed.  In 
many  cases  the  construction  and  diffusion  details  of  the  devices  were 
considered  proprietary  by  the  respective  manufacturers  and  specific 
information  could  not  be  obtained.  However,  any  pertinent  informa- 
tion which  was  received  is  presented  in  the  associated  failure 
analysis  discussions. 

The  failure  analyses  which  were  performed  on  the  various  device 
types  are  described  below.  The  data  is  presented  in  photographic 
form.  Fhotographs  were  obtained  on  each  failure  observation.  In 
many  cases  the  device  failure  sites  were  unable  to  be  located  due 
to  the  fact  that  the  devices  were  subjected  to  failure  threshold 
damage  rather  than  extreme  overkill  damage.  Hence,  the  failure 


sites  were  subtle  in  nature  rather  than  gross.  Here,  photographs 
were  only  taken  to  illustrate  device  construction  details  observed 
during  the  various  failure  analysis  steps. 

4.1  1N4148  Diode 


The  1N4148  diode  examined  was  the  General  Electric  planar, 
epitaxial,  passivated  device.  The  construction  and  diffusion 
details  of  the  diode  have  been  previously  shown  in  Figure  3. 

Twelve  units  which  exhibited  the  largest  extent  cf  electrical 
damage  were  selected  for  failure  analysis.  The  analysis  consisted 
of  cross-sectioning  the  device  perpendicular  to  the  junction  plane 
and  microscopically  searching  for  a device  failure  site.  The 
procedure  was  very  exacting  in  that  only  a thin  layer  of  material 
was  removed  at  a time  followed  by  a subsequent  microscopic  examina- 
tion. Of  the  twelve  devices  examined,  three  fractured  and  a possible 
failure  site  was  observed  in  three  others.  The  suspect  damage  site 
extended  from  the  bottom  of  the  anode  into  the  epitaxial  region  as 
shown  in  Figure  62,  and  was  observed  midway  through  the  cross-sectioning 
process.  The  anode,  cathode  and  epitaxial  regions  of  the  device  can 
also  be  seen. 
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4.2  2N918  Transistor 


The  2N918  transistor  examined  was  the  Raytheon  planar, 
epitaxial  NPN  device.  The  chip  topography  and  diffusion  geometry 
of  the  device  is  shown  in  Figure  63.  Twelve  of  the  more  extensively 
damaged  units  were  selected  for  failure  analysis.  The  failure 
analysis  consisted  of  a surface  examination,  surface  etching  and 
cross-sectioning.  All  twelve  of  the  units  were  subjected  to  a 
surface  examination.  Eight  units  were  cross-sectioned  perpendicular 
to  the  junction  plane.  In  no  case  was  a failure  site  observed. 

The  typical  nature  of  the  junction  regions  are  shown  in  Figure  64. 
Four  units  were  subjected  to  a surface  etching.  Again,  failure 
sites  were  unobservable.  Figure  65  shows  the  surface  condition 
of  one  unit  after  the  Si02  and  metallization  were  removed  and  just 
prior  to  deep  etching. 

4.3  RD211  Gate  Exoander 


The  RD211  gate  expander  is  a dielectrically  isolated  micro- 
circuit  device  which  was  formerly  manufactured  by  Radiation, 
Incorporated.  The  previous  pulse  testing  which  was  performed  on 
the  device  indicated  metallization  damage  as  the  failure  mechanism. 
The  schematic  diagram  and  equivalent  diode  structure  of  the  RD211 
Gate  Expander  is  shown  in  Figure  66.  The  device  consists  of 
8 individual  diodes,  4 each  of  which  having  common  anodes.  Each 
diode  is  formed  by  using  an  NPN  transistor  structure  with  the  base 
shorted  to  the  collector.  The  device  had  been  chosen  as  the  test 
vehicle  since  it  utilizes  aluminum  metallization  and  has  a simple 
metallization  pattern  in  that  only  one  active  semiconductor  device 
exists  between  selected  device  terminal  pairs  making  pulse  testing 
of  the  metallization  straightforward. 

Eighteen  units  were  unencapsulated  and  had  their  surface 
topography  examined.  All  eighteen  units  showed  severe  signs  of 
metallization  burnout.  The  typical  nature  of  the  observed  damage 
is  shown  in  Figure  67. 

4.4  2N4392  JFET 


The  2N4392  JFET  examined  was  the  Motorola  N-Channel,  depletion 
mode  device  which  was  tested  during  tne  present  program.  Motorola 
considered  the  device  geometry  and  diffusion  details  to  be 
proprietary  and  no  information  concerning  these  aspects  was 
obtained.  The  chip  topography  drawing  of  the  device  supplied  by 
Motorola  is  shown  in  Figure  68. 

Thirty  units  were  unencapsulated  and  had  their  surface 
topography  examined.  The  topography  of  an  undamaged  device,  showing 
the  various  diffusion  regions  is  shown  in  Figure  69.  Devices  which 
were  pulsed  in  the  Gate-to-Source  polarity  were  observed  to  exhibit 
extensive  metallization  damage  resulting  in  an  open  circuit  of  the 
source  lead  as  shown  in  Figure  70.  In  many  cases,  junction  damage 
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Figure  63.  Chip  Topography  and  Diffusion  Geometry  of  the 
Raytheon  2N918  Transistor. 
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was  unobservable  or  very  subtle  for  those  devices  which  were 
pulsed  in  the  drain-to-source,  source-to-drain  and  source-to-gate 
polarities.  Figure  71  shows  a damage  region  which  was  surface 
observable  in  a unit  which  was  pulsed  in  the  drain-to-source 
polarity.  The  damage  region  is  seen  to  extend  from  the  drain  to 
the  gate  diffusion  region.  Figure  72  shews  a damage  region  which 
was  surface  observable  in  a unit  which  was  pulsed  in  the  source-to- 
drain  polarity.  ' The  damage  region  is  seen  to  be  visible  in  the 
source  and  drain  regions.  A similar  observation  was  found  in  a 
unit  which  was  pulsed  in  the  souree-to-gate  polarity,  as  shown 
in  Figure  73.  Here  the  damage  region  is  seen  to  extend  from  the 
source  to  the  gate  diffusion  region. 

4.5  MEM806A  MOSFET 

The  MEM806A  MOSFET  examined  was  the  General  Instrument 
Corporation  P-Channel,  enhancement  mode  device  which  is  fabricated 
without  a gate  protection  diode  and  utilizes  an  oxide-nitride 
gate  construction.  The  device  had  been  purposely  chosen  for  test 
since  the  absence  of  the  gate  protection  diode  enabled  the  damage 
characteristics  of  the  gate  to  be  evaluated  directly  without  being 
masked  by  damage  effects  in  the  protection  diode. 

The  chip  topography  drawing  supplied  by  General  Instruments 
is  shown  in  Figure  74.  The  device  construction  and  diffusion 
geometry  information  supplied  by  General  Instrument  is  listed  below. 


Resistivity  of  key  areas 

(a)  Substrate  resistivity  - 2.6  to  4.4  ohms  cm 

(b)  P+  Source  & Drain  area  - 60  ohms/sq. 

(c)  N+  guard  band  resistivity  - 20  ohms/sq. 

Junction  area  dimensions  and  diffusion  depths 


(a)  ADrain  = 32.96  sq.  mil 
ASource  = 44.00  sq.  mil 


(b)  Xj  = 1.5  u 

Oxide  composition  and  typical  thickness  over  key  areas 

. o 

'-ox  source  & drain  = i0  KA 

4.  0 

‘"ox  gate  = 700  A 

o 1 Oxide  & Nitride  Gate 
^nitride  gate  = 500  A 

**ox  ield  = 11  KA 


Figure  71.  Sr  face  Damage  Observed  in  a Motorola  2N4392  JFET 
Pulsed  in  the  Drain-to-Source  Direction. 


Dimensions:  21  x 24  mils 

Thickness:  10  mils 


igure  74.  Chip  Topography  Drav/ing  of  the  General  Instrument 
MEM806A  MOSFET . 


Surface  metallization  composition  and  thickness  with 

approximate  neck  down  factors  over  oxide  steps 

(a)  Purity  of  aluminum  = 99.999% 

4.  ° 

(b)  '-aluminum  = 16  - 18  KA 

O 

(c)  As  oxide  thickness  over  the  step  is  maximum  10  KA  there 
is  no  neck  down  condition  observed. 

Twenty-four  devices  were  selected  for  failure  analysis.  The 
failure  analyses  consisted  of  a surface  examination,  surface  etching 
cross-sectioning  and  scanning  electron  microscopy  examination.  All 
units  readily  showed  visible  signs  of  oxide  damage  under  the  gate 
when  unencapsulated  and  examined  under  an  optical  microscope. 

Four  units  were  cross-sectioned  perpendicular  to  the  junction 
plane  to  observe  the  nature  of  the  junction  regions.  The  typical 
observations  are  shown  in  Figure  75.  Twelve  units  were  surface 
etched  and  examined  under  an  optical  microscope.  Typical  results 
are  giver,  in  Figure  76  which  shows  the  surface  condition  before 
etching  . nd  the  corresponding  condition  afbtir  removal  of  the  Si02 
and  metallization  regions.  In  all  cases,  gate  oxide  damage  under 
the  gate  lead  and  extending  into  the  source  region  is  clearly 
evident.  The  device  shown  was  pulsed  in  the  source  to  gate  polarity 
Eight  units  were  similarly  etched  and  then  observed  under  a scanning 
electron  microscope.  Figure  77  shows  the  typical  gate  oxide  damage 
effects  observed  on  a unit  which  was  pulsed  in  the  gate-to-source 
polarity.  A few  devices  also  exhibited  metallization  damage. 

These  were  devices  in  which  the  post  gate  breakdown  currents  were 
not  limited.  As  such,  excessive  current  flowed  through  the  devices 
after  gate  breakdown  causing  metallization  burnout.  The  typical 
appearance  of  this  is  as  shown  in  Figure  78.  Here  the  device 
was  pulsed  in  the  source-drain  to  gate  polarity  and  large  metalliza- 
tion damage  in  the  gate  and  source  metallization  can  be  seen. 

4 . 6 SN5404  Microcircuit 

The  SN5404  device  is  a Hex  Inverter  and  is  from  a family  of 
Texas  Instruments  TTL  logic  element  and  utilizes  planar  construction 
and  monolithic  (junction-isolation)  technology.  The  SN5404  device 
consists  of  six  identical  inverter  elements  interconnected  to 
common  ground  and  VCc  terminals.  The  schematic  diagram  of  a single 
inverter  is  shown  in  Figure  7 9 . The  chip  topography  showing  the 
location  of  the  various  circuit  elements  is  given  in  figure  80. 

The  corresponding  diffusion  details  are  considered  proprietary  by 
Texas  Instruments . 

Sixteen  units  were  selected  for  failure  analysis.  The  analysis 
consisted  of  a surface  examination  and  microprobing.  The  probe 
heads  that  were  available  at  the  time  were  larger  than  most  of  the 
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Figure  ?£.  Metallization  Damage  in  the  General  Instrument  MF.M806A  MOSFET 


Figure  80.  Chip  Topography  of  a Single  Inverter  in  the  Texas  Instruments  SN 5404 
Hex  Inverter 


diffusion  regions  within  the  device.  As  such,  no  additional  infor- 
mation was  obtained  from  the  microprobing  which  was  performed. 

The  failure  analysis  task  was  terminated  before  adequate  probe 
heads  were  received.  In  spite  of  this,  however,  definitive  infor- 
mation concerning  the  failures  in  the  device  was  obtained  from 
just  a surface  examination.  Here,  junction  damage  was  readily 
observed  from  just  a surface  examination  of  the  devices. 


Figure  81,  for  example,  shows  the  typical  damage  observed 
in  units  which  were  pulsed  in  the  input  to  ground  and  ground  to 
input  polarities.  Here,  failure  was  typically  manifested  as  a 
damage  region  in  the  emitter-base  junction  of  transistor,  Q2, 
regardless  of  pulse  polarity.  Devices  pulsed  in  the  output  to 
ground  polarity  showed  damage  in  the  emitter-collector  region  of 
transistor  Q4  as  shown  in  Figure  82.  Devices  pulsed  in  the  ground 
to  output  polarity  also  exhibited  damage  in  transistor  Q4 , but 
in  many  cases,  it  was  manifested  by  open  metallization  in  the 
emitter  as  shown  in  Figure  83.  Device  pulsing  through  the  Vcc 
and  ground  terminal  pair  resulted  in  multi-circuit  damage  due  to 
the  commonality  of  the  VCc  and  ground  connections.  In  the  Vcc  to 
ground  polarity  junction  damage  in  diode  CRl  and  damage  to  resistor 
R3  typically  occurred  as  shown  in  Figure  84 . Pulsing  in  the  ground 
to  VCC  polarity,  however,  typically  produced  open  metallization  in 
the  common  ground  line  as  shown  in  Figure  85. 
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DAMAGE  REGION 


Fiqurs  82. 


Junction  Damage  in  Texas  Instruments  SN5 
Pulsed  in  the  Output  to  Ground  Polarity. 
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5.  Conclusions 


Engineering  type  damage  models  to  predict  both  surge  impedance 
and  failure  levels  of  silicon  semiconductor  diodes  when  exposed 
to  EMP  type  environments  were  developed  from  multiple  regression 
analyses  of  a large  experimental  data  base  which  was  supplied  by 
the  U.  S.  Army/HDL  and  the  U.  S.  Air  Force/AFWL.  The  models 
were  developed  for  both  forward  and  reverse  polarities  of  junction 
current  conduction.  The  models  are  expressed  in  terms  of  published 
device  parameters  and,  as  such,  do  not  require  a "hands  on"  device 
evaluation.  The  models  were  developed  both  for  conditions  where 
the  device  construction  was  unknown  and  for  conditions  where 
specific  device  construction  is  known.  Separate  models  were 
developed  for  devices  functionally  classified  as  "rectifiers, 
diodes  and  switches"  and  for  devices  functionally  classified  as 
"non-temperature  compensated  Zener  diodes". 

The  analysis  showed  that,  under  high  pulse  current  injection 
levels,  the  forward  polarity  surge  impedance  of  both  diode  classes 
exhibited  conductivity  modulation  effects  whereby  the  impedance 
was  inversely  proportional  to  IN  where  N was  between  0.3  and  0.4. 

The  forward  polarity  pulse  damage  in  both  classes  of  diodes  was 
found  to  be  due  to  i2r  bulk  heating  under  non-adiabatic  conditions 
for  the  pulse  widths  and  device  junction  areas  evaluated.  The  con- 
ductivity modulation  effects  caused  the  exponent  of  the  time 
dependence  for  damage  to  Ij.1  in  the  range  of  0.3  as  would  be  expect- 
ed from  these  effects. 

Under  reverse  pulse  polarity  c nditions  the  low  and  medium 
voltage  Zener  diodes  also  exhibited  . surge  impedance  associated 
with  the  bulk  material  and  also  partially  dependent  on  conductivity 
modulation  effects.  The  reverse  polarity  surge  impedance  of  the 
"rectifiers,  diodes  and  switches"  was  found  to  be  strongly  dependent 
on  both  device  breakdown  voltage  level  and  pulse  current  level. 

The  reverse  polarity  pulse  damage  in  the  Zener  diodes  was  found 
to  be  due  also  to  I^R  bulk  heating  under  non-adiabatic  conditions. 
The  rectifiers,  diodes  and  switches,  however,  exhibited  junction 
heating  effects  which  were  also  characteristic  of  non-adiabatic 
conditions. 

Extensive  pulse  damage  testing  was  performed  on  the  Motorola 
2N4392  N-Channel  silicon  JFET.  The  2N4392  is  a depletion  mode 
device  designed  for  chopper  and  high  speed  switching  applications. 

A total  of  215  units  were  evaluated  for  various  combinations  of 
terminal  pairs  in  biased  and  unbiased  configurations. 

In  the  forward  polarity  the  gate-source  junction  behaves  like 
a normal  forward  biased  diode.  Because  of  the  relatively  large 
junction  to  metallization  area  ratio  in  the  device,  metallization 
burnout  occurred  before  junction  damage.  The  reverse  polarity 
gate-source  junction  exhibited  a second  breakdown  response  which 
was  initiated  at  a relatively  constant  pulse  current  injection 
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level  from  30  nanoseconds  to  100  microseconds.  Whenever  second 
breakdown  occurred,  device  damage  resulted  even  though  the  post 
second  breakdown  currents  were  within  a factor  of  1.5  of  the  pre- 
second breakdown  levels.  The  pulse  current  levels  required  for 
device  damage  increased  sharply  below  30  nanoseconds. 


The  pulse  response  and  damage  characteristics  of  the  source- 
drain  terminal  are  similar  to  the  reverse  bias  gate-source  junction. 
The  device  was  observed  to  exhibit  a second  breakdown  response 
which  is  initiated  at  a relatively  constant  pulse  current  injection 
level.  The  response  was  similar  for  either  direction  of  pulse 
polarity.  However,  in  this  case,  second  breakdown  could  be 
initiated  without  producing  device  damage.  Also,  the  pulse  current 
required  for  damage  increased  sharply  below  30  nanoseconds  and 
in  this  region  the  damage  levels  are  significantly  higher  than  the 
second  breakdown  initiation  levels. 
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The  exact  failure  mechanisms  associated  with  the  2N4392  device 
have  not  been  established  at  this  time.  Further  definition  of 
the  JFET  current  gain  and  other  conduction  phenomena  under  high 
injection  levels  is  required  to  achieve  a firmer  understanding 
of  the  failure  mechanisms.  A number  of  competing  damage  mechanisms 
could  be  possible  in  JFET  structures.  These  are  current  mode  second 
breakdown,  surface  breakdown  and  thermal  heating  in  the  channel 
opening  in  pinch-off. 

Failure  analyses  were  performed  on  a variety  of  semicon- 
ductor device  types  which  were  subjected  to  EMP  pulse  damage. 

The  device  types  examined  were  the  1N4148  diode,  2N918  transistor, 
RD211  gate  expander,  MEM806A  MOSFET  and  SN5404  microcircuit  which 
were  previously  subjected  to  pulse  damage  testing  under  Contract 
DAAG  39-72-C-0066 , together  with  the  2N4392  JFET  which  was  subjected 
to  pulse  damage  testing  under  the  present  program.  The  failure 
analyses  consisted  of  a surface  examination,  microprobing,  surface 
etching,  device  cross-sectioning  and  electron  microscopy.  Junction 
and  metallization  damage  in  bipolar  devices  was  observed.  Gate 
oxide  damage  in  the  MOSFET  device  was  observed  while  the  JFET  device 
exhibited  failures  which  were  observable  on  the  device  surface. 
Metallization  damage  was  also  observed  in  the  unipolar  devices. 
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6.  Recommendations 


Th  : present  program  has  shown  that  engineering  type  models 
expressed  in  terms  of  published  device  parameters  can  be 
developed  to  predict  both  surge  impedance  and  failure  levels 
of  silicon  semiconductor  diodes  when  exposed  to  EMP  type 
environments.  The  key  element  in  the  modeling  effort  is  to 
segregate  the  various  functionally  classified  devices  into 
categories  which  exhibit  common  failure  modes  (i.e.,  junction 
effects,  bulk  effects,  metallization,  etc.)  and  to  relate  the 
devices  in  each  category  to  some  common  sets  of  device  specifica- 
tion parameters.  In  the  present  work,  separate  models  were 
developed  for  devices  functionally  classified  as  "rectifiers, 
diodes  and  switches"  and  for  devices  functionally  classified  as 
"non-temperature  compensated  Zener  diodes".  These  models  were 
developed  for  both  forward  and  reverse  polarities  of  junction 
current  conduction,  and  fox  conditions  where  the  device  construction 
was  unknown  and  for  conditions  v?here  specific  device  construction 
is  known.  Since  the  models  are  expressed  in  terms  of  published 
device  parameters,  they  do  not  require  a "hands  on"  device  evalua- 
tion. 


In  view  of  the  results  shown  here,  it  is  recommended  that 
the  modelling  efforts  be  extended  to  cover  device  types  such  as 
bipolar  transistors,  MOS  and  junction  FET's  and  both  digital  and 
analog  integrated  circuits  of  various  device  construction  tech- 
nologies. In  the  almost  certain  event  that  new  testing  is  per- 
formed in  support  of  these  activities,  it  is  strongly  recommended 
that  particular  attention  be  paid  to  selecting  various  device 
types  which  will  give  a sufficient  spread  in  device  parameters 
and  utilizing  a proper  sample  size  in  order  to  provide  statistically 
meaningful  correlation  results.  Serious  consideration  should  be 
given  to  rejecting  for  test  any  device  whose  manufacturer  and 
basic  construction  is  unknown.  Also,  the  quality  of  the  test 
data  is  of  utmost  importance.  Every  effort  should  be  made  to 
eliminate  inductive  lead  response  and  test  fixture  noise  to  the 
most  practical  extent  within  the  realm  of  existing  technology. 
Retesting  should  also  be  done  to  verify  device  identification 
and  instrumentation  validity  when  extreme  mavericks  are  uncovered 
in  the  data  analysis. 

Additional  theoretical  and  experimental  work  should  definitely 
be  performed  to  characterize  the  damage  mechanisms  in  JFET 
structures,  particularly  in  view  of  the  interesting  pulse  response 
and  damge  results  obtained  here.  A number  of  competing  damage 
mechanisms  such  as  current  mode  second  breakdown,  surface  break- 
down and  thermal  channel  heating  were  identified  as  potential 
causes  of  device  failure.  The  exact  failure  mechanisms,  however, 
have  not  been  established  at  this  time.  Further  definition  of 
the  JFET  current  gain  and  other  conduction  phenomena  under  high 
injection  levels  is  required  to  achieve  a firmer  understanding 
of  the  failure  mechanisms. 
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SEMICONDUCTOR  DIODE 
PULSE  DAMAGE  DATA 
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The  detailed  pulse  damage  data  for  each  diode  type  examined 
during  the  program  is  presented  in  this  appendix.  They  are 
listed  in  tabular  form  and  are  sequentially  ordered  according  to 
a date  file  number  (F  #) . The  device  type  and  manufacturer  for 
each  corresponding  data  file  number  is  given  in  Tables  2,  3,  & 4 
of  Section  2.  The  pulse  data  shows  the  individual  device  serial 
number  (S/N) ; the  experimenter's  estimate  of  the  time  to  damage 
(TD)  in  microseconds;  the  total  pulse  width  (TP)  in  microseconds; 
the  peak  pulse  voltage  across  the  device  (VP)  in  volts;  the  peak 
pulse  current  through  the  device  (IP)  in  amperes;  the  pre-test 
low  current  level  breakdown  voltage  (VZB)  in  volts;  the  post-test 
breakdown  voltage  (VZA)  in  volts;  the  pulse  polarity  (POL);  and, 
an  indication  as  to  whether  damage  occurred.  The  data  on  the 
temperature  compensated  zener  diodes  also  shows  the  pre-  and 
post- test  forward  breakdown  voltage,  VFB  and  VFA,  respectively. 
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P0L  PAIL 


.20 

. 15 

38.00 

28.00 

38.00 

39.00 


10.00 

3.00 

2.00 
38.00 
38.00 


8.00 

7.00 

15.00 

13.00 

5 . 00 


3.20 
. AO 
.85 
.30 
1.00 
. AO 
.50 
.50 
.80 
.45 
.50 
12.00 
22.00 
27.00 


500.  0 

500.0 
6 10.0 
6 10.0 
6 10.0 

610.0 


520.0 

500.0 

520.0 

100C.0 

1000.0 


370.0 
370-0 
350-0 

350.0 

370.0 


560.0 

21C.0 

210.0 

310.0 

310.0 

350.0 

350.0 

285.0 

285.0 

320.0 

320.0 

290.0 

290.0 

290.0 


500.  0 
500.  0 

610.0 

6 10.0 

580.0 
580.  0 


.0 

.0 

3C0.0 

1000.0 

1000.0 


370-0 
370.  0 
350.  0 
350.  0 

370.0 


.0 

210.0 

.0 

310.0 

.0 

350.0 

.0 

285.0 

.0 

320.0 

.0 

290.0 

290.0 

290.0 


I 


< 


F # 

S/N 

TD 

TP 

VP 

IP 

VZ  8 

VZ  A 

POL 

FAIL 

1 1 

3 

3.000 

3.000 

6 

26.00 

980.0 

980.0 

FWD 

N0 

1 1 

3 

3.000 

3.000 

6 

35.00 

980.0 

980.0 

FWD 

NO 

1 1 

3 

3.600 

8.000 

7 

34.00 

980.0 

980. 0 

FWD 

N0 

12 

2 

1.000 

1.000 

5 

15.00 

940.0 

930.0 

FWD 

N0 

12 

2 

9.000 

9.000 

5 

14.00 

940.0 

930.0 

FWD 

NO 

12 

"5 

. 180 

. 180 

1000 

. 10 

910.0 

910.0 

REV 

N0 

12 

3 

1.000 

1.000 

1000 

. 10 

910.0 

910.0 

REV 

NO 

12 

3 

8.000 

8.000 

1000 

. 10 

910.0 

910.0 

REV 

N0 

12 

4 

1.000 

1 . 000 

1C 

34.00 

830.0 

830.0 

FWD 

NS 

12 

4 * 

9.000 

9.000 

5 

16.00 

830.0 

830.0 

FWD 

NO 

12 

4 

3.200 

10.000 

14 

32.00 

830.  0 

830.0 

FWD 

NO 

13 

4 

1.000 

1.000 

5 

16.00 

900.0 

900-0 

FWD 

NO 

13 

4 

9.000 

,9.000 

4 

14.00 

900.0 

900.0 

FWD 

NO 

13 

5 

1.000 

1.000 

10 

33.00 

86C.0 

860.0 

FWD 

NO 

13 

5 

5.200 

10.000 

6 

18.00 

860.0 

860.0 

FWD 

NO 

13 

5 

3.800 

10.000 

9 

32.00 

860.0 

860.0 

rWD 

NO 

13 

5 

3.200 

20.000 

9 

32.00 

860.0 

860.0 

FWD 

NO 

14 

7 

4.800 

6.000 

8 

23.00 

950.0 

950.0 

FWD 

NO 

14 

7 

3.300 

4.000 

10 

30-00 

950.0 

950.0 

FWD 

NO 

14 

8 

5.000 

5.000 

1000 

. 10 

905.0 

905.0 

REV 

NO 

14 

8 

10.000 

10.000 

1000 

.10 

905.0 

905.0 

REV 

NO 

15 

1 

1.000 

1.000 

18 

32.00 

3.4 

3.4 

REV 

NO 

1 5 

1 

3.000 

3.000 

19 

29.00 

3.4 

3-4 

REV 

NO 

15 

1 

5.000 

8.000 

14 

17.00 

3.4 

3.4 

REV 

NO 

15 

1 

3.000 

8.000 

20 

30.00 

3.  4 

1.6 

REV 

YES 

15 

2 

6.400 

8.000 

10 

16.00 

2.6 

2.6 

REV 

NO 

1 5 

2 

4.000 

8.000 

14 

25.00 

2.6 

2.6 

REV 

NO 

1 5 

2 

3.000 

8.000 

16 

33.00 

2.6 

2.6 

REV 

N0 

15 

3 

4. coo 

8.  000 

16 

23.00 

3.6 

3.6 

REV 

NO 

15 

3 

4.000 

8.000 

18 

26.00 

3.6 

2.8 

REV 

YES 

15 

4 

6.000 

8.000 

8 

15.00 

3.  4 

3.4 

FWD 

NO 

15 

4 

4.400 

8.000 

10 

21.00 

3.4 

3.4 

FWD 

N0 

15 

4 

2.800 

8.000 

14 

33.00 

3.4 

3.  4 

FWD 

NO 

16 

1 

1.000 

1.000 

16 

31.00 

4.  9 

4.9 

REV 

NO 

16 

1 

3.000 

3.000 

16 

29.00 

4.9 

4.9 

REV 

NO 

1 6 

2 

4.800 

8.000 

7 

21.00 

4.8 

4.  8 

FWD 

NO 

16 

2 

2.800 

8.000 

9 

32.00 

4.8 

4.8 

FWD 

NO 

16 

3 

2.000 

2.000 

13 

25«  00 

4.9 

4.9 

REV 

NO 

1 6 

3 

5.000 

8.000 

13 

24.00 

4.9 

4.9 

REV 

NO 

1 6 

3 

3.000 

8.000 

17 

34.00 

4.9 

4.9 

REV 

NO 

Jl 


160 


_*gy~  *-■ 


1 

F # 

S/N 

TO 

TP 

VP 

IP 

VZB 

VZA 

POL 

FAIL 

J 

““ 

*-  ” 

- *” 

— 

— 

— 

— 

• 4 

27 

1 

.600 

1.000 

400 

20.00 

64.  0 

49.0 

REV 

YES 

27 

2 

1.000 

3.000 

319 

11.00 

68.0 

56.0 

REV 

YES 

• 

27 

3 

.400 

6.000 

200 

10.50 

68.0 

18-0 

REV 

YES 

27 

4 

1.000 

6.000 

175 

8.00 

66.0 

53.0 

REV 

YES 

27 

5 

3.000 

4.000 

200 

7.00 

65.0 

65.0 

REV 

NO 

j 

27 

5 

4.000 

4.000 

250 

10.00 

65.0 

65.0 

REV 

NO 

i 

< 

27 

5 

1.100 

4.  000 

290 

12.50 

65.0 

48.0 

REV 

YES 

J 

27 

6 

8.000 

8.000 

220 

9.50 

6 3.0 

63.0 

REV 

NO 

1 

27 

6 

2.000 

8.000 

26  0 

12.00 

63.0 

42.0 

REV 

YES 

| 

27 

7 

9.000 

9.000 

20 

10.00 

67.0 

67.0 

FWD 

NO 

1 

t 

„ 

27 

7 

5.000 

8.000 

20 

17.00 

67.0 

67.0 

FWD 

NO 

27 

7 

4.000 

8.000 

29 

30-00 

67.0 

67.0 

FWD 

NO 

28 

1 

.200 

2.000 

8H0 

2.00 

710.0 

.0 

REV 

YES 

28 

3 

.500 

2.000 

800 

1.60 

720.0 

720.0 

REV 

YES 

28 

5 

.400 

5.000 

800 

1.50 

710.0 

.0 

REV 

YES 

28 

6 

.200 

5.000 

950 

1.50 

8S0.  0 

.0 

REV 

YES 

28 

8 

.300 

8.000 

950 

1.70 

820.0 

.0 

REV 

YES 

' 

28 

4 

7.000 

8.000 

5 

16.00 

1000.0 

1000.0 

FWD 

NO 

I 

28 

4 

4.000 

8.000 

7 

24.00 

1000.0 

1000.0 

FWD 

NO 

.5 

*1 

28 

4 

3.000 

8.000 

9 

35.00 

1000.0 

1000.0 

FWD 

NO 

j. 

t 

:£ 

29 

1 

1.000 

1.000 

1000 

.20 

810.0 

810.0 

REV 

NO 

j 

29 

1 

3.000 

3.000 

1000 

. 10 

810.0 

810.0 

REV 

NO 

* 

29 

2 

1.000 

1.000 

8 

36.00 

850.0 

850.0 

FWD 

NO 

29 

2 

5.000 

5-000 

4 

25.00 

850.0 

850.0 

FWD 

NO 

29 

2 

3.000 

5.000 

5 

36.00 

850.0 

850.0 

FWD 

NO 

r 

30 

5 

4.800 

5.000 

1000 

.60 

970.0 

970.0 

REV 

NO 

1 

30 

4 

1.000 

1.000 

5 

17.00 

1000.0 

1000.0 

FWD 

NO 

|| 

. 

30 

4 

5.000 

5.000 

5 

26.00 

1000.0 

1000.0 

FWD 

NO 

30 

4 

3.000 

5.000 

6 

40.00 

1000.0 

1000.0 

FWD 

NO 

i 

- 

31 

1 

1.000 

1.000 

12 

15.00 

8.6 

8.6 

REV 

NO 

■H5 

| 

31 

1 

10.000 

10.000 

12 

13.00 

8«6 

8.6 

REV 

NO 

1 

E 

31 

2 

1.000 

1.000 

4 

14.00 

8.7 

8.7 

FWD 

NO 

i 

31 

2 

10.000 

10.000 

3 

13.00 

8.7 

8.7 

FWD 

NO 

i ^ 

31 

3 

6.000 

6.000 

12 

14.00 

8.8 

8.8 

REV 

N0 

?jl 

-: 

31 

3 

3.300 

8.000 

15 

30.00 

8.8 

8.8 

REV 

NO 

y 

31 

3 

6.500 

6.500 

4 

19.00 

8.8 

8.8 

FWD 

NO 

n 

31 

3 

3.2C0 

7.500 

5 

30.  00 

8.8 

8.8 

FWD 

NO 

31 

4 

6.000 

7.000 

1 1 

20.00 

8.9 

8.9 

REV 

NO 

•Ul 

r **t 

31 

4 

3.000 

7.000 

13 

36.00 

8.9 

8.9 

REV 

NO 

L . 

• 

31 

5 

6.500 

7.000 

3 

17.00 

8.9 

8.9 

FWD 

NO 

r: 

t 

3! 

5 

3.000 

7.000 

6 

36.00 

8.9 

8.9 

FWD 

NO 

d:  J 


ja. 


. . •nssr 


ESSwmS*!*  r 


F# 

S/N 

TD 

TP 

VP 

IP 

VZB 

VZ  A 

P0L 

FAIL 

32 

1 

1-000 

1.000 

34 

15.00 

31.0 

31.0 

REV 

N0 

32 

1 

10-000 

10.000 

32 

13.00 

31.0 

3 i ♦ 0 

REV 

N0 

32 

2 

1-000 

1.000 

3 

15.00 

31.5 

31.5 

FWD 

N0 

32 

2 

10-000 

10.000 

3 

13.00 

31.5 

31.5 

FWD 

N0 

32 

3 

6.000 

6.000 

38 

15.00 

33.0 

33.0 

REV 

N0 

32 

3 

3.300 

7.500 

42 

50.00 

33.0 

33.0 

REV 

N0 

32 

3 

3.300 

7.500 

42 

50.00 

23.0 

33.  0 

REV 

N0 

34 

1 

1 .000 

1.000 

17 

36. 00 

6.7 

6.7 

REV 

N0 

34 

1 

5.000 

6.500 

13 

22.00 

6.7 

6.7 

REV 

N0 

34 

1 

3.200 

20.000 

15 

34.00 

6.7 

6.7 

REV 

N0 

34 

2 

1.000 

1.000 

16 

40.00 

6.2 

6-2 

FWD 

N0 

34 

2 

2.000 

3.000 

15 

40.00 

6.2 

6-2 

FWD 

N0 

35 

1 

3.000 

4.000 

10 

36.00 

1000.0 

1000.0 

FWD 

N0 

35 

2 

3-000 

3.000 

1000 

. 10 

580.0 

580.0 

REV 

N0 

35 

3 

3.000 

3.000 

10 

37.00 

1000.0 

1000.0 

FWD 

N0 

36 

1 

3.000 

7.000 

5 

36.00 

1000.0 

1000.0 

FWD 

N0 

37 

6 

.700 

.800 

120 

1.00 

100.0 

.0 

REV 

YES 

37 

6 

.600 

.600 

1 20 

1.5G 

100.0 

.2 

REV 

YES 

37 

7 

6.000 

10.000 

9 

16.00 

100.0 

.0 

FWD 

YES 

37 

10 

.300 

2.000 

120 

4.00 

99.0 

.0 

REV 

YES 

39 

8 

4.000 

4.000 

1000 

1.40 

580.0 

540.0 

REV 

N0 

39 

8 

8.000 

8.000 

900 

.90 

580.0 

540.0 

REV 

N0 

39 

8 

8.000 

8.000 

1000 

1.30 

580.0 

740.0 

REV 

YES 

39 

6 

4.000 

4.000 

850 

.50 

550*0 

580.0 

REV 

N0 

39 

6 

4.000 

4.000 

1000 

1.40 

580.0 

530.0 

REV 

YES 

39 

2 

1.000 

1.000 

840 

8.00 

275.0 

275.0 

pry 

N0 

39 

2 

4.000 

4.000 

840 

7.00 

275.0 

275.0 

REV 

N0 

39 

9 

5 . 000 

5.000 

720 

.25 

360.0 

290.0 

REV 

N0 

39 

1 

2.000 

2.000 

4 

10.00 

720.0 

720.0 

FWD 

N0 

39 

• 

« 

8.000 

8.000 

4 

9.00 

720.0 

720-0 

FWD 

N0 

40 

1 

1.500 

10.000 

190 

.60 

140.0 

.0 

REV 

YES 

40 

2 

. 150 

1.000 

200 

2.00 

135.0 

17.0 

REV 

YES 

40 

3 

8.500 

10.000 

9 

5.00 

125.0 

34.0 

FWD 

YES 

40 

5 

.500 

1.000 

160 

.50 

115.0 

.0 

REV 

YES 

40 

6 

2.400 

S.  800 

170 

.25 

145.0 

.0 

REV 

YES 

40 

7 

.080 

.300 

180 

2.00 

145.0 

.0 

REV 

YES 

40 

8 

2.500 

10.000 

15 

6.00 

190.0 

4.0 

FWD 

YES 

40 

9 

6.000 

9.600 

12 

3.50 

190.0 

55.0 

FWD 

YES 

164 


F H 

S/N 

TD 

TP 

VP 

IP 

VZ8 

VZ  A 

POL 

FAII 

“* 

— 

— 

— 

— 

41 

1 

t.000 

1.000 

44 

36.00 

14.5 

14.5 

REV 

N0 

41 

1 

4.000 

4.000 

38 

23.00 

14.5 

14.5 

REV 

NO 

41 

% 

3.500 

4.000 

49 

30.00 

14.5 

.0 

REV 

YES 

41 

2 

4.200 

7.000 

26 

35.00 

14.7 

14.7 

REV 

N0 

41 

2 

3.000 

7.000 

40 

35.00 

14.7 

14.7 

REV 

N0 

41 

3 

3.700 

7.000 

52 

30.00 

14.8 

14.8 

REV 

N0 

41 

4 

3.  100 

7.000 

48 

34.00 

14.6 

14.6 

REV 

N0 

• 

41 

5 

3.700 

7.000 

60 

30.00 

! 4.  5 

.0 

REV 

YES 

41 

6 

3.  100 

7.000 

10 

36.00 

14.4 

14.4 

FWD 

N0 

41 

7 

3.200 

7.0G0 

47 

34.00 

14.7 

14.7 

REV 

N0 

43 

2 

2.800 

3-000 

25 

35.00 

1 4.0 

14.0 

REV 

N0 

43 

3 

2.700 

3.000 

24 

33.00 

13.6 

13.6 

REV 

N0 

43 

4 

3.000 

6.000 

10 

36.00 

13.8 

13.8 

FWD 

N0 

44 

1 

1.000 

1.000 

38 

36.00 

18.0 

8-0 

REV 

YES 

44 

2 

3.500 

7.000 

32 

26.00 

21.0 

21.0 

REV 

N0 

44 

3 

3.300 

7.000 

38 

30.00 

21.5 

.0 

REV- 

YES 

44 

4 

3.000 

4.000 

40 

34.00 

21.0 

21.0 

REV 

N0 

44 

6 

2.800 

4.000 

38 

35.00 

21.0 

18.0 

REV 

YES 

• 

44 

7 

3.000 

4.000 

10 

36.00 

21.0 

21.0 

FWD 

N0 

45 

1 

1.000 

1.000 

16 

37.00 

1.4 

1-4 

REV 

N0 

45 

2 

4.200 

5.000 

8 

20.00 

1.6 

1.6 

FWD 

N0 

45 

2 

3.000 

5.000 

13 

36.00 

1.6 

1.6 

FWD 

NO 

4 ft 

« 

ft 

1.000 

1.000 

IS 

38.00 

6.4 

6.4 

FWD 

N0 

46 

1 

5.000 

6.000 

10 

20.00 

6.  4 

6.4 

FWD 

N0 

46 

1 

3.000 

6.000 

15 

36.00 

6.4 

6.4 

FWD 

N0 

5 

46 

2 

1.000 

1.000 

25 

39.00 

6.6 

6.6 

REV 

N0 

46 

2 

5.500 

7.000 

18 

20.00 

6.6 

6.6 

REV 

N0 

; 

46 

2 

3.000 

7.000 

2b 

37.00 

6.6 

6.6 

REV 

N0 

JL 

| 

46 

3 

3.000 

7.000 

30 

36.00 

6.6 

6.6 

REV 

N0 

- 

47 

3 

2.000 

2.000 

3 

19.00 

650.0 

650.0 

FWD 

N0 

£. 

47 

3 

3.000 

2.000 

5 

39.00 

650.0 

650.  0 

FWD 

N0 

, 

47 

5 

.100 

2.000 

950 

4.00 

600.0 

17.0 

REV 

YES 

* 

48 

1 

3.000 

3.000 

800 

. 40 

285.0 

285.  G 

REV 

N0 

* 

48 

1 

1.000 

1.000 

800 

.35 

285.0 

285.0 

REV 

N0 

9 

48 

1 

'6.000 

6.000 

700 

. 15 

285.0 

285.0 

REV 

N0 

48 

1 

.200 

6.000 

900 

1.80 

285.0 

.0 

REV 

YES 

i 

48 

2 

6.000 

6.000 

950 

.80 

80.0 

80.0 

REV 

N0 

| 

48 

2 

4.000 

6.  GOO 

1000 

1.00 

80.0 

80.0 

REV 

N0 

165 


F#  S/N 


2 

4 

4 

5 

6 
7 

10 

12 

13 

14 

15 

16 
16 
18 

19 

20 
20 
21 
21 
22 

23 

24 

25 

25 

26 
27 

29 

30 

30 

31 

31 

32 

33 

33 

34 

35 

36 

37 
40 

40 

41 
41 
43 

46 

47 


POL  F41L 


. 160 
.200 
. 200 
.400 
.800 
1.000 
1.000 

3.000 
• 800 
• 800 
.200 

4.000 

2.000 
3.300 
3.000 

.400 

.400 

.400 

.250 

.300 

.040 

.040 

.048 

.012 

.030 

• 048 
.400 

• 024 
.005 

• 024 
.003 

• 020 
.024 
• 024 
.024 
.018 
.004 
.013 
.010 
.010 
.010 
.003 
.008 

• 010 
.010 


.200 
• 200 
.500 
1.000 
• 800 

5. 000 
4.  000 

4.000 

8.000 

9.000 

6.000 
4.000 
4.  000 
4.  000 
4.  SOU 

.400 

.500 

.400 

.500 

.500 

• 048 
.048 
.048 
.048 

• 048 

• 048 
.048 
. 0^4 
.024 
.024 
.024 
.024 

• 024 
.024 
.024 
.024 
.024 
.024 
.010 
.010 
.010 
.010 
.010 
.010 
.010 


316 

272 

306 

272 

229 

278 

204 

180 

150 

180 

170 

180 

180 

210 

135 

240 

230 

200 

220 

210 

438 

368 

306 

350 

429 

350 

293 

438 

875 

421 

758 

505 

337 

505 

590 

758 

744 

674 

675 
675 

420 
840 
690 
422 

421 


8.00 

1.00 

3.00 

2.00 

• 80 

1.00 

2.20 

• 75 

1.00 

.50 

• 80 
. 20 
.40 
• 30 
. 40 
.80 

2.  00 
1.80 
2.  00 
2.00 

13.00 

11.00 
13.50 
13.60 
13.60 
11.30 

9.00 

13.60 

20.60 
7.90 
6.80 

11.30 
1.  10 
22.  70 
11.30 
18.  10 
2 1.80 
10.20 
32.  60 
32.  60 
9.00 
45.30 
9.00 
6.80 
9.00 


180.0 

200.0 

200.0 

250.0 
240.  0 

235.0 

160.0 
160.0 
138.  0 
160.0 
160.0 
160.0 
160.0 
200.0 
120.0 
180.  0 
180.0 
160.0 
160.0 

170.0 

200.0 

183.0 

200.0 
260.0 
202.0 

185.0 

170.0 

150.0 

150.0 

172.0 

172.0 

170.0 

210.  0 

210.0 

195.0 

195.0 

190.0 
190.0 
190.0 

190.0 

230.0 

230.0 

150.0 
20  1.0 
1 80.  0 


• 0 

200.  0 

.0 

• 0 

240.0 
.0 
• 0 
.0 
• 0 
• 0 
• 0 

160.0 
• 0 

.0 

.0 

180-0 

.0 

160.0 

.0 

.0 

110.0 

.0 

200.0 
• 0 
.0 
19.0 
.0 
150.0 

150.0 

172.0 

.0 

70.0 

210.0 

.0 

195.0 

.0 

100.0 

.0 

190.0 

.0 

230.0 
. 0 
. 0 
.0 

180.0 


REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 

REV 


YES 

N0 

YES 

YES 

N0 

YES 

YES 

YES 

YES 

YES 

YES 

N0 

YES 

YES 

YES 

N0 

YES 

N0 

YES 

YES 

YES 

YES 

N0 

YES 

YES 

YES 

YES 

N0 

N0 

N0 

YES 

YES 

N0 

YES 

N0 

YES 

YES 

YES 

N0 

YES 

N0 

YES 

YES 

YES 

N0 


F# 

S/N 

TD 

TP 

VP 

— 

- - 

• — 

“ — 

59 

50 

.005 

.005 

860 

59 

50 

.003 

.005 

880 

59 

53 

.005 

.005 

343 

60 

1 

1.600 

1.600 

*4 

60 

1 

2.000 

2.000 

t 1 

60 

2 

2.300 

2.  300 

25 

60 

3 

2.300 

2.  300 

24 

60 

5 

1.000 

1.000 

26 

60 

5 

1.000 

1.000 

30 

60 

7 

1.000 

1.000 

50 

60 

8 

1.000 

1. 000 

130 

6C 

9 

1.900 

1.900 

20 

60 

10 

1.600 

1.600 

17 

61 

1 

4.500 

4.700 

2000 

61 

2 

4.200 

4.200 

2400 

61 

2 

4.200 

4.200 

2400 

61 

'3 

4.000 

4.000 

2400 

61 

3 

3.700 

3.700 

2500 

61 

5 

4.000 

4.000 

2100 

61 

5 

4.000 

3.900 

2300 

61 

5 

4.000 

4.000 

2400 

61 

7 

7.900 

7.900 

1950 

61 

8 

7.600 

7.600 

1900 

62 

3 

4.000 

4.000 

1550 

62 

3 

3.200 

3.200 

1600 

62 

4 

.200 

3.800 

500 

62 

8 

7.800 

7.800 

1600 

62 

8 

3.90G 

3.9G0 

1700 

62 

9 

1.800 

1. 800 

5 

62 

9 

1.800 

1. 800 

5 

63 

1 

2.200 

2.  200 

1250 

63 

1 

.500 

2.200 

1350 

63 

2 

2.000 

2.000 

1450 

63 

2 

2.000 

2.000 

1500 

63 

3 

2.000 

2.000 

1100 

63 

5 

2.000 

2.000 

1240 

63 

5 

2.000 

2.000 

1450 

63 

5 

.400 

2.000 

1600 

63 

6 

3.200 

4.000 

1450 

63 

7 

3 . 800 

3.800 

1500 

63 

7 

3»  BOO 

3.800 

1700 

IP 

VZB 

VZA 

POL 

FAIL 

— 

— 

— - 

— 

6.80 

210.0 

210.0 

REV 

N0 

9.00 

210.0 

.0 

REV 

YES 

2.20 

200.0 

.0 

REV 

YES 

3.80 

14.0 

14.0 

REV 

N0 

65.00 

14.0 

14.0 

REV 

N0 

50.00 

14.0 

5.0 

REV 

YES 

70.00 

14.0 

14.0 

REV 

N0 

160.00 

14.0 

14.0 

REV 

N0 

200.00 

14.0 

.0 

REV 

YES 

50.00 

14.0 

10.0 

FWD 

YES 

120.00 

14.0 

14.0 

FWD 

N0 

125.00 

14.0 

14.0 

FDD 

N0 

135.00 

14.0 

14.0 

FWD 

N0 

.30 

1500.0 

1500.0 

REV 

N0 

2.00 

1600.0 

1600.0 

REV 

N0 

4.  CO 

1600.0 

1600.0 

REV 

N0 

i.40 

1400.0 

1400.0 

REV 

N0 

4.00 

1400.0 

1400.0 

REV 

N0 

.30 

1300.0 

1300.0 

REV 

N0 

4.00 

1300.0 

1300.0 

REV 

N0 

10.00 

1300.0 

1300.0 

REV 

N0 

7.00 

1500.0 

1500.0 

REV 

N0 

4.00 

1400.0 

1400.0 

REV 

N0 

18.00 

750.0 

750.0 

REV 

N0 

23.00 

750.0 

750.0 

REV 

N0 

19.00 

325-0 

.0 

REV 

YES 

17.00 

100.0 

100.0 

REV 

N0 

38.00 

100.0 

100.0 

REV 

N0 

90.00 

225.0 

225.0 

FWD 

N0 

115.00 

225.0 

225.0 

FWD 

N0 

17.00 

250.0 

250.0 

REV 

N0 

26.00 

250.0 

.0 

REV 

YES 

30.00 

330.0 

320.0 

REV- 

N0 

32.00 

330.0 

.0 

REV 

YES 

25.00 

320.0 

320.0 

REV 

N0 

22.00 

250.0 

250.0 

REV 

N0 

32.00 

250.0 

250.0 

REV 

N0 

38.00 

250.0 

.0 

REV 

YES 

24.00 

400.0 

400.0 

REV 

N0 

21.00 

640.0 

640.0 

REV 

N0 

38.00 

640.0 

640.0 

REV 

N0 
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3.500 

3.400 

3.400 

3.800 

3.800 

4.000 

4.000 
.600 

6.000 
. 100 

1 . 300 

1.000 

1.800 

.012 

.012 

.008 

.010 

.014 

.048 

.048 

.012 

.012 

.010 

.020 

.014 


3.500 

3.400 
3.  400 

3.800 

3.800 

4.000 

4.000 

4.000 

6.000 
1.200 
1.300 

1.000 

1.800 

.048 
.048 
.048 
. 048 
.048 
.048 
. 048 
. 048 
. 048 
.024 
.084 
. 024 
.024 
• 024 
.024 
.024 
.024 
.010 
.010 
.010 
.010 
.010 
.010 
.010 
.010 
.005 
.005 
. 0C5 
.005 
.005 


1500 

1600 

1650 

1700 

1750 

1700 

750 

10 

10 

8 

1700 

854 

1290 

1708 

1540 

1332 

1760 

1540 

1320 

1100 

1320 

1320 

880 

1320 

1760 

1320 

1320 

1320 

1760 

1320 

1320 

2200 

2640 

1760 

1650 

2000 

2200 

3300 

2300 

3000 


IP 

VZB 

VZA 

*■*  *• 

— — “ 

— 

125.00 

250.0 

200.  0 

120.00 

320.0 

320.0 

115.00 

400.0 

400.0 

4.00 

1000.0 

1000.0 

9.00 

1000.0 

1000.0 

22.00 

800.0 

800.0 

6.00 

1000.0 

1000.0 

17.00 

1000.0 

22.0 

26.00 

660.0 

660.0 

35.00 

525.0 

8.0 

60.00 

1000.0 

1000.0 

125.00 

1000.0 

1000.0 

130.00 

190.0 

190.0 

265.00 

1 100.0 

.0 

102.00 

1600.0 

.0 

180.00 

800.0 

.0 

193.00 

950.0 

.0 

82.00 

700.0 

15.0 

82.00 

950.0 

950.0 

6 1.00 

950.0 

950.0 

143.00 

950.0 

.0 

102.00 

900.0 

.0 

82.00 

1100.0 

.0 

82.00 

1280.0 

.0 

82-  00 

1 000. 0 

- n 

• u 

94.00 

1000.0 

.0 

54.00 

1000.0 

1000.0 

82.00 

1000.0 

.0 

68.00 

1080. 0 

.0 

102.00 

955.0 

950.0 

13.00 

950.0 

.0 

83.00 

1 100.0 

.0 

41.00 

900.  0 

900.0 

27.00 

1000.0 

.0 

13.00 

1300.0 

.0 

82.00 

1000.0 

.0 

88.00 

1000.0 

. 0 

68.00 

1250.0 

• 0 

67.00 

950.0 

950.0 

110.00 

950.0 

950.0 

1 10.00 

800.0 

800.0 

50.00 

1000.0 

1000.0 

80.00 

1000.0 

.0 

m 


F# 

S/N 

TD 

TP 

VP 

IP 

VZB 

VZA 

P0L 

FAIL 

66 

1 

4.000 

4.000 

160 

30.00 

130.0 

130.0 

REV 

N0 

66 

1 

3.000 

4.000 

170 

42.00 

130.0 

.0 

REV 

YES 

66 

2 

.500 

5.300 

100 

40.00 

130.0 

40.  0 

REV 

YES 

66 

3 

6.800 

6.800 

185 

65.00 

130.  0 

130.0 

REV 

N0 

66 

4 

2.000 

2.000 

160 

70.00 

120.0 

120.  0 

REV 

N0 

66 

A 

2.000 

2.000 

120 

40.  00 

120.0 

.0 

REV 

YES 

66 

5 

2.000 

2.000 

170 

125.00 

125.0 

125.0 

REV 

N0 

66 

6 

2.200 

2.200 

160 

85.00 

125.0 

125.0 

REV 

N0 

66 

6 

.200 

1.800 

200 

85.00 

125.0 

.0 

REV 

YES 

66 

7 

1.800 

1.800 

800 

100.00 

125.0 

1 10.0 

FWD 

N0 

66 

9 

1.800 

1.700 

600 

160.00 

125.  0 

125.0 

FWD 

N0 

66 

10 

2,000 

2.000 

600 

170.00 

125.  0 

125.0 

FWD 

N0 

67 

3 

8.000 

8.000 

1600 

3.00 

740.0 

740.0 

REV 

N0 

67 

3 

8.000 

8.000 

1750 

5.00 

740.0 

740.0 

REV 

N0 

67 

A 

.200 

9.200 

17C0 

6.00 

550.0 

.0 

REV 

YES 

67 

5 

9.000 

9.000 

1600 

4.00 

680.0 

680.0 

REV 

N0 

67 

5 

.800 

8.200 

1600 

8.00 

680.0 

.0 

REV 

YES 

67 

6 

.250 

8.400 

1700 

6.00 

740.0 

.0 

REV 

YES 

67 

7 

4.000 

4.000 

1600 

8.00 

560.0 

560.0 

REV 

N0 

67 

9 

4.000 

4.000 

1900 

7.00 

700.0 

700.0 

REV 

N0 

67 

9 

.200 

4.000 

1750 

8.00 

700.0 

30.0 

REV 

YES 

68 

2 

1.300 

2.000 

840 

12.00 

650.0 

650.0 

REV 

YES 

68 

3 

1.100 

1.800 

1200 

5.00 

650.  0 

650.  0 

REV 

N0 

68 

3 

1.200 

1.700 

1400 

7.50 

650.0 

650.0 

REV 

N0 

68 

5 

2.200 

8.000 

1300 

4.00 

670.0 

.0 

REV 

YES 

68 

6 

4.000 

8.200 

1200 

3.50 

450.0 

.0 

REV 

YES 

68 

7 

3.000 

8.  200 

960 

4.  00 

650.0 

. 0 

REV 

YES 

68 

9 

4.000 

4.  000 

1100 

2.00 

620.0 

620.0 

REV 

N0 

68 

9 

2.200 

4.000 

1200 

5.00 

620.0 

.0 

REV 

YES 

69 

2 

.200 

2.  100 

1500 

8.00 

1200.  0 

20.  0 

REV 

YES 

69 

4 

. 100 

2.000 

800 

20.00 

550.0 

.0 

REV 

YES 

69 

6 

4.000 

4.000 

1600 

1.50 

1150.0 

1150.0 

REV 

N0 

69 

6 

.300 

4.000 

1600 

4.00 

1 15U.  0 

100.0 

REV 

YES 

69 

8 

. 100 

4.000 

1450 

3.00 

1 100.0 

18.0 

REV 

YES 
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F# 

S/N 

TD 

TP 

VP 

“ 

— “ “ 

— ~ 

— 

70 

104 

10.000 

1 0. 000 

528 

70 

104 

4.300 

10.000 

696 

70 

122 

10.000 

10. 000 

465 

70 

1 16 

10.000 

10.000 

12 

70 

116 

10.000 

10.000 

14 

70 

1 18 

10.000 

10.000 

16 

70 

1 18 

7.600 

10.000 

17 

70 

199 

1.000 

1.000 

760 

70 

199 

.800 

1.000 

864 

70 

200 

.630 

1.000 

720 

70 

203 

1.000 

1.000 

825 

70 

203 

.650 

1.000 

975 

70 

205 

1.000 

1.000 

15 

70 

205 

1.000 

1.000 

16 

70 

206 

1.000 

1.000 

9 

70 

206 

1.000 

1.000 

12 

70 

208 

. 100 

. 100 

1036 

70 

208 

.063 

. 100 

1120 

70 

209 

. 100 

. 100 

770 

70 

209 

• 037 

. 100 

1050 

71 

67 

10.000 

10.000 

426 

71 

67 

6.200 

10.000 

450 

71 

68 

10-000 

10.000 

370 

71 

68 

7.000 

10.000 

378 

71 

70 

10.000 

10.000 

392 

71 

70 

2.300 

10.000 

400 

71 

92 

1.000 

1.000 

500 

71 

92 

.250 

1.000 

500 

71 

93 

1.000 

1.000 

427 

71 

93 

.210 

1.000 

470 

71 

77 

1.000 

1.000 

14 

71 

77 

1.000 

1.000 

22 

71 

80 

. 100 

c 100 

502 

71 

80 

.060 

. 100 

585 

71 

81 

. 100 

. 100 

700 

73 

68 

10.000 

10.000 

1760 

73 

69 

10.000 

10.000 

1628 

73 

72 

1.000 

1.000 

1392 

73 

73 

1 . 000 

1.000 

10 

73 

80 

1.000 

1.000 

21 

73 

78 

. 100 

. 100 

900 

73 

78 

.040 

. 100 

1 170 

IP 


1.40 

1.60 

1.30 

32.00 

38.00 

46.00 

59.00 
1.  10 
1.20 
1.30 

.95 

1.15 

49.00 

63.00 

41.00 

47.00 

2.00 

3.00 


6.00 

.60 

.70 

.30 

.50 

.30 

.35 

.31 

.80 

.52 

.55 

27.00 

64.00 
1.60 
2.00 


3.70 

3.50 

1.30 

403.00 

465.00 
3.00 

28.00 


VZB  VZA  P0L  FAIL 


250.0 

250.0 

REV 

N0 

250.  0 

10.0 

REV 

YES 

230.0 

230.0 

REV 

N0 

245.0 

245.0 

FWD 

N0 

245.0 

50.0 

FWD 

YES 

265.0 

265.0 

FWD 

N0 

265.0 

250.0 

FWD 

YES 

152.0 

152.0 

REV 

N0 

152.0 

62.0 

REV 

YES 

160.0 

20.0 

REV 

YES 

205.0 

205.0 

REV 

N0 

205.0 

4.0 

REV 

YES 

255.0 

255.0 

FWD 

N0 

255.0 

210.0 

FWD 

YES 

168.0 

168.0 

FWD 

N0 

168.0 

80.0 

FWD 

YES 

240.0 

240.0 

REV 

N0 

240.0 

230.0 

REV 

YES 

150.0 

150.0 

REV 

N0 

150.0 

5.0 

REV 

YES 

320.0 

320.0 

REV 

N0 

320.0 

20.0 

REV 

YES 

320.0 

320.0 

REV 

N0 

320.0 

20.0 

REV 

YES 

320.0 

320.0 

REV 

N0 

320.0 

20.0 

REV 

YES 

340.0 

340.0 

REV 

N0 

340.0 

20.0 

REV 

YES 

320.0 

320.0 

REV 

N0 

320.0 

5.0 

REV 

YES 

360.0 

360.0 

FWD 

N0 

360.0 

20.0 

FWD 

YES 

290.0 

290.0 

REV 

N0 

290.0 

220.0 

REV 

YES 

370.0 

20.0 

REV 

YES 

920.0 

920.0 

REV 

NO 

890.0 

890.0 

REV 

N0 

900.0 

900.0 

REV 

N0 

900.0 

900.0 

FWD 

N0 

1200.0 

1200.0 

FWD 

N0 

900.0 

900.0 

REV 

N0 

900.0 

5.0 

REV 

YES 
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F# 

S/N 

TD 

TP 

VP 

IP 

VZB 

VZ  A 

P0L 

FAIL 

-- 

— 

-- 

— 

- - 

— 

— 

o ~ — 

73 

79 

. 100 

. 100 

157  5 

4.00 

840*  0 

840.0 

REV 

N0 

73 

79 

.090 

. 100 

1580 

30.00 

840.0 

10.0 

REV 

YES 

74 

1 

10.000 

10.000 

1550 

— 

1050. C 

1050.0 

REV 

N0 

74 

1 

10.000 

10.000 

1550 

-- 

1050.0 

10.0 

REV 

YES 

74 

2 

1.000 

1.000 

1450 

— 

620.0 

620.  0 

REV 

N0 

74 

2 

.700 

1.000 

1500 

620.0 

10.  0 

REV 

YES 

• 

74 

12 

1.000 

1. 000 

•60 

480.00 

1000.0 

1000.0 

FWD 

N0 

74 

1 1 

1.000 

1. 000 

56 

475.00 

920.0 

920.0 

FWD 

N0 

74 

3 

.100 

. 100 

1500 

1.20 

640.0 

640.  0 

REV 

N0 

74 

3 

.050 

. 100 

1650 

3.  10 

640.0 

20.  0 

REV 

YES 

74 

4 

.100 

. 100 

1550 

.60 

950.0 

950.0 

REV 

N0 

74 

4 

.070 

. 100 

1800 

1.60 

950.0 

10.  0 

REV 

YES 

75 

1 

10.000 

10.000 

1440 

.29 

500.0 

500.0 

REV 

N0 

75 
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1.80 

53.0 

1.60 

56.0 

1.80 

56.0 

1.60 

56.0 

1.80 

56.0 

2.20 

56.0 

2.  40 

56 . 0 

1.20 

63.0 

1.12 

55.0 

1.36 

55.0 

1.12 

54.0 

1.40 

54.0 

1.  12 

54.0 

1 .40 

54.0 

8.00 

150.0 

10.00 

150.0 

10.00 

290.0 

10.00 

270.0 

10.00 

270.0 

4.00 

320.0 

10.00 

320.0 

8.00 

280.0 

13.00 

280-0 

8.00 

270.0 

12.00 

270.0 

4.  40 

275.0 

10.00 

275.0 

3.60 

290.0 

8.00 

290.0 

10.00 

270.0 

13.00 

270.0 

4.00 

260.0 

10.00 

260.0 

8.00 

280.0 

14.00 

280.0 

8.00 

270.0 

14.00 

270.0 

9.60 

250.0 

12.00 

250.0 

8.00 

290.0 

VZA 

POL 

FAIL 

— — — 

— 

2.  0 

REV 

YES 

58.  0 

REV 

NO 

27.0 

REV 

YES 

53.0 

REV 

N0 

25.0 

REV- 

YES 

56 . 0 

REV 

NO 

3.0 

REV 

YES 

56.0 

REV 

NO 

24.0 

REV 

YES 

56 . 0 

REV 

NO 

4.0 

REV 

YES 

26.0 

REV 

YES 

55.0 

REV 

NO 

10.0 

REV 

YES 

54.0 

REV 

NO 

6.0 

REV 

YES 

54.0 

REV 

NO 

11.0 

REV 

YES 

150.0 

REV 

NO 

.7 

REV 

YES 

.4 

RE  J 

YES 

270.0 

REV 

NO 

2.0 

REV 

YES 

320.0 

REV 

NO 

.0 

REV 

YES 

280.0 

REV 

NO 

13.0 

REV 

YES 

270.0 

REV 

NO 

1.0 

REV 

YES 

275.0 

REV 

NO 

1.8 

REV 

YES 

290.0 

REV 

NO 

55.0 

REV 

YES 

270.0 

REV 

NO 

1*6 

REV 

YES 

260.0 

REV 

NO 

.2 

REV 

YES 

280.0 

REV 

NO 

10.0 

REV 

YES 

270.0 

REV 

NO 

68.0 

REV 

YES 

250.  0 

REV 

NO 

5.0 

REV 

YES 

290.0 

REV 

NO 

198 


F# 

S/N 

TD 

TP 

VP 

IP 

VZB 

VZ  A 

P0U 

FAIL 

-- 

— 

— 

— 

- - 

- - 

— — “ 

— “ 

149 

14 

.028 

. 060 

400 

12.80 

290.0 

7.0 

REV 

YES 

149 

15 

.060 

.060 

440 

7.20 

270.0 

270.0 

REV 

N0 

149 

15 

.040 

.060 

480 

12.00 

270.0 

68.0 

REV 

YES 

149 

16 

.060 

.060 

400 

8.00 

260.0 

260.0 

REV 

N0 

1 49 

16 

.040 

.060 

420 

12.00 

260.0 

90.0 

REV 

YES 

149 

17 

.300 

.300 

360 

4.00 

270.0 

270.0 

REV 

N0 

149 

17 

.060 

.300 

440 

10.00 

270.0 

3.0 

REV 

YES 

149 

18 

.300 

.300 

320 

4.  40 

265.0 

265.0 

REV 

N0 

149 

18 

.040 

.300 

400 

10.00 

265.0 

.5 

REV 

YES 

149 

19 

.300 

.300 

360 

4.00 

270.0 

270.0 

REV 

N0 

149 

19 

.050 

.300 

420 

9.00 

270.0 

.2 

REV 

YES 

149 

20 

.300 

.300 

360 

4.00 

260.0 

260.0 

REV 

N0 

149 

20 

. 100 

.300 

440 

10.00 

260.0 

.-8 

REV 

YES 

149 

21 

.300 

.300 

320 

5.00 

270.0 

270.0 

REV 

N0 

149 

21 

.020 

.300 

340 

10.00 

270.0 

.2 

REV 

YES 

149 

22 

.300 

.300 

340 

4.80 

275.0 

275.0 

REV 

N0 

149 

22 

.060 

.300 

400 

10.00 

275.0 

.5 

REV 

YES 

149 

23 

.300 

.300 

3 

18.00 

285.0 

285.0 

FWD 

N0 

149 

23 

.300 

.300 

5 

84.00 

285.0 

. 4 

FWD 

YES 

149 

24 

.300 

.300 

4 

81.00 

280.0 

280.0 

FWD 

N0 

149 

26 

.300 

.300 

6 

84.00 

235.0 

235.0 

FWD 

N0 

149 

27 

.300 

.300 

6 

84.00 

275.0 

275.0 

FWD 

N0 

149 

28 

.300 

.300 

6 

84.00 

270.0 

270.0 

FWD 

N0 

150 

6 

300.000 

300.000 

7 

3.90 

— 

-- 

FWD 

N0 

150 

6 

300.000 

300.000 

8 

4.80 

-- 

— 

FWD 

YES 

150 

7 

300.000 

300.000 

10 

4.20 

— 

FWD 

NO 

150 

7 

300.000 

300.000 

10 

4.60 

FWD 

YES 

150 

8 

300.000 

300.000 

7 

3.90 

-- 

— 

FWD 

N0 

150 

8 

300.000 

300.000 

8 

4.60 

-- 

— 

FWD 

YES 

150 

9 

300.000 

300.000 

14 

5.60 

85.0 

85.0 

FWD 

N0 

150 

9 

300.000 

300.000 

15 

6-00 

85.0 

12.0 

FWD 

YES 

150 

10 

300.000 

300.000 

1 1 

5.80 

105.0 

45.0 

FWD 

YES 

150 

1 

300. OGO 

300.000 

140 

.03 

-- 

REV 

N0 

150 

1 

180.000 

300.000 

120 

.04 

-- 

REV 

YES 

150 

2 

300.000 

300.000 

140 

.05 

1 1S.0 

115.0 

REV 

N0 

150 

2 

235.000 

300. COO 

145 

.05 

1 15.0 

1 10.0 

REV 

YES 

150 

3 

195.000 

300.000 

145 

.04 

120.0 

105.0 

REV 

YES 

150 

4 

300.000 

300.000 

140 

.04 

125.0 

125.0 

REV 

N0 

150 

4 

135.000 

300.000 

145 

.05 

125.0 

110.0 

REV 

YES 

150 

5 

300.000 

300.000 

120 

.04 

108.0 

108.0 

REV 

N0 

150 

16 

28.000 

28.000 

13 

8.90 

101.0 

101.0 

FWD 

N0 

150 

16 

28.000 

28.000 

14 

9.80 

101.0 

61.0 

FWD 

YES 

150 

17 

28.000 

28.000 

13 

8.90 

100.0 

100.0 

FWD 

N0 

150 

17 

25.000 

28.000 

13 

8.95 

100.0 

11.0 

FWD 

YES 

199 


m 


F# 

S/N 

TD 

TP 

VP 

IP 

VZ8 

VZ  A 

POL 

FAIL 

ISO 

18 

28.000 

28.000 

13 

7.80 

110.0 

110.0 

FWD 

N0 

150 

18 

28.000 

28.000 

14 

8.40 

1 10.0 

42.0 

FWD 

YES 

1 50 

19 

28.0C0 

28.000 

1 4 

9.00 

100.0 

100.0 

FWD 

N0 

150 

19 

28.000 

28.000 

15 

10.00 

100.0 

10.0 

FWD 

YES 

150 

20 

28.000 

28.000 

16 

8.40 

110.0 

110.0 

FWD 

N0 

1 50 

20 

28.000 

28.000 

18 

9.50 

110.0 

18.0 

FWD 

YES 

1 50 

1 1 

28.000 

28.000 

130 

.07 

100.0 

100.0 

REV 

N0 

1 50 

1 1 

24.000 

28.000 

120 

.08 

100.0 

95.0 

REV 

YES 

1 50 

12 

28.000 

28.000 

135 

.08 

105.0 

105.0 

REV 

N0 

150 

12 

20.000 

28.000 

136 

.09 

105.0 

80.0 

REV 

YES 

1 50 

13 

22.000 

28.000 

144 

.07 

1 12.0 

102.0 

REV 

YES 

1 50 

14 

28.000 

28.000 

145 

.06 

118.0 

118.0 

REV 

N0 

150 

14 

24.500 

28.000 

140 

.06 

1 18.0 

105.0 

REV 

YES 

1 50 

1 5 

24.500 

28.000 

135 

.07 

105.0 

90.0 

REV 

YES 

1 50 

26 

2.800 

2.800 

29 

18.50 

102.0 

95.0 

FWD 

YES 

1 50 

27 

2.800 

2.800 

22 

16.00 

- — 

FWD 

N0 

150 

27 

2.800 

2.800 

25 

18.00 

— 

FWD 

YES 

150 

28 

2.800 

2.800 

22 

17.80 

100.0 

100.0 

FWD 

N0 

150 

28 

2.800 

2.800 

23 

18.00 

100.0 

90.0 

FWD 

YES 

1 50 

29 

2.800 

2.800 

23 

17.00 

- - 

FWD 

YES 

150 

30 

2.800 

2.800 

26 

17.00 

— 

FWD 

N0 

150 

30 

2.800 

2.800 

26 

17.00 

— 

FWD 

YES 

1 50 

21 

2.900 

2.900 

140 

.22 

108.0 

108.0 

REV 

N0 

1 50 

21 

2.500 

2.900 

140 

.25 

108.0 

90.0 

REV 

YES 

1 50 

22 

2.900 

2.900 

130 

.26 

95.0 

95.0 

REV 

N0 

1 50 

22 

2.600 

2.900 

130 

• 26 

95.0 

90.0 

REV 

YES 

1 50 

23 

2.900 

2.900 

130 

.23 

105*0 

105.0 

REV 

N0 

150 

23 

2.500 

2.900 

130 

.25 

105.0 

80.0 

REV 

YES 

1 50 

24 

2.900 

2.900 

130 

.22 

REV 

YES 

150 

25 

2,900 

2.900 

130 

.21 

-- 

~ * 

REV 

N0 

1 50 

25 

2.900 

2.900 

130 

.22 

~ — 

REV 

YES 

150 

46 

1.000 

1.000 

24 

18.80 

105.0 

105.0 

FWD 

N0 

150 

46 

1.000 

1.000 

31 

24.00 

105. C 

76.0 

FWD 

YES 

1 50 

47 

1.000 

1.000 

28 

24.00 

- - 

FWD 

N0 

150 

47 

1.000 

1.000 

30 

25.00 

• - 

FWD 

YES 

1 50 

48 

1.000 

1.000 

30 

22.00 

— «- 

FWD 

YES 

1 50 

49 

1.000 

1.000 

33 

25.00 

* - 

_ „ 

FWD 

N0 

1 50 

49 

1.000 

1.000 

36 

25.00 

— 

— _ 

FWD 

YES 

1 50 

55 

.320 

.320 

44 

34.80 

100.  0 

100.0 

FWD 

N0 

1 50 

55 

.320 

.320 

52 

43.50 

100.0 

46.0 

FWD 

YES 

150 

56 

.320 

. 320 

42 

35.00 

-- 

_ — 

FWD 

N0 

i 50 

56 

.320 

.320 

45 

39.00 

-w 

— _ 

FWD 

YES 

1 50 

57 

.320 

.320 

45 

39.50 

- 

_ _ 

FWD 

N0 

1 50 

57 

.320 

.320 

47 

42.00 

-- 

— — 

FWD 

YES 

1 50' 

58 

.320 

-.320 

46 

44.00 

105.0 

IG5.0 

FWD 

N0 

200 


F# 

S/N 

TD 

TP 

-- 

— 

— 

150 

55 

.320 

. 320 

150 

59 

.320 

.320 

150 

59 

.320 

.320 

150 

70 

- 1 10 

. 1 10 

150 

70 

.110 

. 1 10 

150 

71 

.110 

. 1 10 

150 

7 1 

. 1 10 

. 1 10 

150 

72 

. 1 10 

. 1 10 

150 

73 

. 1 10 

.110 

150 

73 

. 1 10 

. 1 10 

150 

74 

. 1 10 

. 1 10 

150 

74 

. 1 10 

. 1 10 

150 

65 

. 1 10 

. 1 10 

150 

65 

.060 

. 1 10 

150 

66 

. 110 

. 1 10 

150 

67 

. 100 

. 1 10 

150 

68 

. 1 10 

. 1 10 

150 

6<5 

. 100 

. 1 10 

150 

69 

.110 

. 110 

150 

69 

. 100 

. i 10 

150 

75 

.035 

.035 

150 

76 

.035 

.035 

150 

76 

.035 

.035 

150 

77 

.035 

.035 

150 

77 

.035 

.035 

150 

78 

.035 

.035 

150 

78 

.035 

.035 

150 

79 

.035 

.035 

150 

80 

.035 

.035 

150 

80 

.035 

, 035 

150 

81 

.034 

.034 

150 

81 

.024 

. 034 

150 

82 

.031 

.034 

150  21 


150  215 

150  215 


47.00 
40.  00 
41.30 

64.00 

72.00 

72.00 

78.00 

72.00 

73.00 

78.00 

72.00 

80.00 
2.50 
2.20 
2.60 
2.50 
1.90 
2.70 

2.40 
2.50 

87.00 

86.00 
1 10.00 

77.00 

86.00 

70.00 

100.00 

88.00 

90.  00 

1 16.00 
9. 10 

13.00 
9. 10 
8.20 

11.00 
8.00 

9.40 
9.60 
9.80 

170.00 

135.00 

150.00 

140.00 

130.00 


VZ3 

VZA 

POL 

— 

— 

**  * — 

105.0 

87.0 

FWD 

110.0 

1 10.0 

FWD 

110.0 

70.0 

FWD 

— 

-- 

FWD 

— 

FWD 

110.0 

1 10.0 

FWD 

1 10.0 

56.0 

FWD 

120.0 

64.0 

FWD 

-- 

FWD 

- - 

FWD 

122.0 

122.  0 

FWD 

122.0 

105.0 

FWD 

115.0 

115.0 

REV 

115.0 

7.2 

REV 

120.0 

20.0 

REV 

1 15.0 

20.  0 

REV 

105.0 

105.0 

REV 

105.0 

18.0 

REV 

120.0 

120.0 

REV 

120.0 

42.0 

REV 

1 10.0 

100.0 

FWD 

110.0 

1 10.0 

FWD 

1 10.0 

81.0 

FWD 

112.0 

1 12.0 

FWD 

112.0 

87.0 

FWD 

110.0 

110.0 

FWD 

1 10.0 

91.0 

FWD 

110.0 

100.0 

FWD 

120.0 

120.0 

FWD 

120.0 

100.0 

FWD 

1 10.0 

110.0 

REV 

1 10.0 

1.0 

REV 

— 

REV 

1 10.0 

1 10.0 

REV 

110.0 
112.0 
1 12.0 


100.0 

104.0 

104.0 

100.0 
100.0 


82.0 
1 12.0 
76.0 


84.0 
104-0 

60.  0 

100.0 

88.0 


F# 

S/N 

TD 

— — 

” ~ - 

150 

216 

• 010 

150 

216 

.010 

150 

217 

.010 

150 

217 

.010 

150 

218 

.010 

150 

218 

.010 

150 

160 

.012 

150 

160 

.008 

150 

161 

• 01 1 

150 

162 

.012 

150 

162 

.012 

150 

163 

.012 

150 

163 

.004 

150 

164 

.012 

150 

164 

• 012 

150 

375 

1.000 

150 

37  5 

.720 

150 

337 

1.000 

150 

337 

. 88G 

150 

328 

.920 

150 

436 

1.000 

150 

436 

.820 

150 

335 

.840 

150 

391 

1.000 

150 

39  1 

.960 

150 

339 

.300 

150 

339 

.240 

150 

326 

.300 

150 

326 

.240 

150 

432 

.250 

150 

393 

.300 

150 

393 

.290 

150 

438 

.200 

150 

407 

.300 

150 

407 

.280 

.010 
.010 
.o;o 
.010 
• 010 
.010 
.012 
.012 
. 1 1 2 
.012 
.012 
.012 
.012 
.012 
.012 

1.000 

i . 000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

.300 
.300 
.300 
.300 
.300 
.300 
• 300 
.300 
.300 
.300 


80 
140 
i50 
1 10 
120 
120 
145 
172 
169 
161 
163 
160 
160 
160 
160 
130 
130 
130 
130 
125 
140 
150 
130 
140 
140 
140 
140 
135 
135 
130 
130 
130 
140 
135 
140 


150.00 

170.00 

160.00 

160.00 

175.00 

175.00 

28.00 

47.00 

39.00 

33.00 

36.00 

32.00 

33.00 

32.00 

34.00 
.30 
.40 
.40 
.42 
.28 
.28 
.40 
.38 
. S2 
.58 
.65 
.80 
.65 
.80 
.70 
.75 
.80 
.65 
.70 
.80 


VZ 

VZA 

P0L 

FAIL 

*“ 

— 

— 

— 

104.0 

104.0 

FWD 

N0 

104.0 

84.0 

FWD 

YES 

120.0 

120.0 

FWD 

N0 

120.0 

90.0 

FWD 

YES 

“*  “ 

- - 

FWD 

N0 

— *“ 

— 

FWD 

YES 

99.0 

99.0 

REV 

N0 

99.0 

84.0 

REV 

YES 

98.0 

90.0 

REV 

YES 

98.0 

98.0 

REV 

N0 

98.0 

66.0 

REV 

YES 

100.0 

100.0 
100. C 

100.0 

120.0 

120.0 

115.0 

115.0 

120.0 

120.0 

120.0 

120.0 

120.0 

120.0 

120.0 

120.0 
1 10.0 

110.0 

115.0 
1 15.0 

115.0 

120.0 

120.0 

120.0 


100.0 

24.0 

100.0 

59.0 

120.0 

88.0 

115.0 

100.0 

56.0 

120.0 

76.0 

92.0 

120.0 

80.0 

120.0 

10.0 

110.0 

84.0 

60.0 

115.0 

76.0 

105.0 

120.0 

60.0 


N0 

YES 

N0 

YES 

N0 

YES 

N0 

YES 

YES 

NO 

YES 

YES 

N0 

YES 

N0 

YES 

N0 

YES 

YES 

N0 

YES 

YES 

N0 

YES 


N0 

PT 

TD 

TP 

VP 

IP 

V7.B 

VZ  A 

VFB 

VF  A 

POL 

FAIL 

— 

-- 

— 

— 

- - 

— 

— 

— — — 

— 

“ “ “ 

5 

5 

5.5 

7.0 

17.0 

18.0 

5.3 

5.3 

4.6 

4.  6 

REV 

NO 

5 

5 

3.2 

7.0 

24.0 

32.0 

5.3 

5.3 

4.6 

4.6 

REV 

NO 

5 

6 

3.  1 

7.0 

20.0 

32.0 

5.5 

5.5 

5.6 

5.6 

FWD 

NO 

25 

1 

1.0 

1.0 

18.0 

36.0 

9.2 

9.2 

180.0 

180.0 

REV 

NO 

25 

1 

5.5 

7.0 

15.0 

20.0 

9.2 

9.2 

180.0 

180.0 

REV 

NO 

25 

1 

3.0 

7.0 

18.0 

36.0 

9.2 

9.2 

180.0 

180.0 

REV 

NO 

25 

2 

1.0 

1.0 

440.0 

20.0 

9.2 

9.2 

310.0 

310.0 

FWD 

NO 

25 

2 

7.0 

6.0 

380.0 

10.0 

9.2 

9.2 

310.0 

310.0 

FWD 

NO 

25 

2 

4.0 

6.0 

510.0 

18.6 

9.2 

9.2 

310.0 

310.0 

FWD 

NO 

25 

3 

3.8 

6.0 

500.0 

18.0 

9.3 

9.3 

220.0 

220.0 

FWD 

NO 

33 

1 

1.0 

1.0 

12.0 

13.0 

1.0 

1.0 

. 3 

.8 

REV 

YES 

33 

2 

1.0 

1.0 

5.0 

4.0 

1.0 

1.0 

.3 

. 3 

REV 

NO 

33 

2 

1.0 

1.0 

10.0 

8.5 

1.0 

1.0 

.3 

.3 

REV 

YES 

33 

4 

2.0 

2.0 

4.0 

4.0 

1.0 

1.0 

.2 

.2 

REV 

NO 

33 

4 

2.0 

2.0 

6.0 

6.0 

1.0 

1.0 

1.0 

.5 

REV 

YES 

33 

5 

7.0 

7.0 

2.5 

2.0 

1.0 

1.0 

. 3 

.3 

REV 

NO 

33 

5 

7.0 

7.0 

4.0 

4.0 

1.0 

1.0 

.3 

.3 

REV 

NO 

33 

5 

7.0 

7.0 

5.0 

6.0 

1.0 

1.0 

1.0 

1.0 

REV 

YES 

33 

6 

1.0 

1.0 

7.0 

8.0 

1.0 

1.0 

.3 

.3 

FWD 

NO 

33 

7 

6.5 

6.5 

3.0 

2.5 

1.0 

1.0 

.2 

.2 

FWD 

NO 

33 

7 

6«5 

6.5 

4.  5 

4.5 

1.0 

1.0 

.3 

.3 

FWD 

YES 

33 

8 

.4 

.4 

9.0 

8.0 

1.0 

1.0 

.3 

.3 

FWD 

NO 

33 

8 

.5 

.5 

10.0 

13.0 

1.0 

1.0 

.3 

.3 

FWD 

NO 

33 

8 

- 5 

.5 

13.0 

14.0 

.0 

.0 

FWD 

YES 

33 

1 

1.0 

1.0 

10.0 

13.0 

1.0 

1.0' 

. 3 

. 3 

REV 

NO 

33 

1 

1.0 

1.0 

10.0 

12.0 

1.6 

1.6 

.8 

.8 

REV 

YES 

38 

1 

1.0 

1.0 

28.0 

32.0 

5.9 

5.9 

53.0 

53.0 

REV 

NO 

38 

1 

4.5 

7.0 

22.0 

21.0 

5.9 

5.9 

53.0 

53.0 

REV 

NO 

38 

1 

3.5 

7.0 

28.0 

31.0 

5.9 

5.9 

53.0 

53.0 

REV 

NO 

38 

2 

7.0 

7.0 

280.0 

9.0 

5.  3 

5.3 

45.0 

50.0 

FWD 

NO 

38 

2 

6.0 

7.0 

370.0 

10.5 

5.3 

5.3 

45.0 

.5 

FWD 

YES 

38 

3 

6.5 

7.0 

370.0 

1 1.0 

5.5 

5.5 

140.0 

.5 

FWD 

YES 

38 

4 

.2 

7.0 

390.0 

14.0 

5.6 

5.6 

80.0 

.5 

FWD 

YES 

42 

1 

. 1 

1.0 

360.0 

5.2 

140.0 

.0 

14.0 

14.0 

REV 

YES 

42 

2 

. 1 

1.0 

520.0 

4.0 

230.0 

.0 

14.0 

14.0 

REV 

YES 

42 

3 

. 1 

4.0 

560.0 

5.0 

200.0 

.0 

13.8 

13.8 

REV 

YES 

42 

5 

o 

• 

CO 

4.0 

26.0 

36.0 

240.0 

240.0 

14.0 

14.0 

FWD 

NO 

42 

6 

. 1 

7.0 

550.0 

4.5 

210.0 

. 0 

14.0 

14.0 

REV 

YES 

203 


N0 

PT 

TD 

TP 

* — 

~ “ 

- - 

-- 

57 

1 

1.2 

5.0 

57 

3 

6.7 

7.0 

57 

4 

.2 

1.0 

57 

5 

1.3 

1.0 

57 

5 

2.0 

3.0 

57 

6 

3.0 

3.0 

57 

6 

2.8 

3.0 

85  11  10.0  10.0 

85  11  10.0  10. 0 

85  S 10.0  10.0 

85  8 10.0  10.0 

85  2 1.0  1.0 

85  2 1.0  1,0 

85  4 1.0  1.0 

85  4 1.0  1.0 

85  33  1.0  1.0 

85  27  1.0  1.0 

85  19  .1  .i 

85  33  .1  .i 

116  56  10.0  10.0 

116  56  10.0  10.0 

116  58  10.0  10.0 

116  58  10.0  10.0 

116  50  1.0  1.0 

116  50  1.0  1.0 

i « 1 6 51  1.0  1.0 

f-  1 16  51  1.0  1.0 

; 116  53  1.0  1-.  0 

j 1 16  52  1.0  1.0 

1 16  54  . 1 . l 

116  55  .1 


38.0 

25.0 

60.0 

50.0 

46.0 

47.0 

50.0 

38.0 

44.0 

42.0 

45.0 

78.0 

84.0 
108.0 

127.0 

109.0 
1 12.0 

120.0 
120.0 


20.0 

11.0 

20.0 

31.0 
2a.  0 

26.0 
28.0 

85.0 

95.0 
116.0 

135.0 

300.0 

340.0 

356.0 

425.0 

488.0 

500.0 

488.0 

425.0 


60.0 

100.0 

8.6 

8.6 

60.0 

130.0 

8.6 

8.4 

55.0 

130.0 

8.6 

8.6 

55.-0 

140.0 

8.6 

4.2 

90.0 

340.0 

8.5 

8.5 

100.0 

380.0 

8.5 

8.3 

110.0 

380. Q* 

8.5 

8.5 

1 10.0 

396.0 

8.5 

8.3 

285.0 

4S8-0 

8.6 

8.6 

230.0 

'450.0 

8.5 

8.5 

280.  0 

450.0 

8.5 

8.5 

250.0 

3)50.0 

8.' 5 

8.5 

